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ABSTRACT
THERMAL AND MECHANICAL BEHAVIOR OF RUBBER SYSTEMS
FEBRUARY 1997
DAVID JAMES MACON, B.S., UNIVERSITY OF UTAH
B.S., UNIVERSITY OF UTAH
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Richard J. Farris
The study of the physical behavior of rubbery materials is motivated by the desire
to use these materials in a variety of environments, different mechanical conditions, and at
different temperatures. For this to be possible, accurate testing conditions and modeling
schemes need to be devised. These tests can be difficult to perform and existing
mathematical models often neglect several basic physical requirements. One model is the
statistical thermodynamic approach for calculating the thermoelastic behavior of an ideal
rubber network, which assumes affme deformation of crosslinked junctions and no internal
energy change with isothermal deformation. Yet, when the same relations have been
manipulated according to the laws of thermodynamics, an internal energy contribution is
revealed. This result is an artifact of improperly referencing strain measures and elasticity
coefficients with regard to temperature. When a proper strain reference state is selected,
thermoelastic stress-strain-temperature relations result that are totally entropic, yet reduce
to the usual isothermal relations. This work proposes a phenomenological model that
accurately models existing thermoelastic data. Experimental methods to determine the
entropic and energetic contributions to rubber elasticity usually focus on the force-
temperature behavior of a uniaxial sample held at constant length. Ideally, these
vi
thermoelastic measurements would be made at constant volume. Measurements are made
at constant pressure and require complex corrections. It is demonstrated that two
dimensionally constrained membrane samples can overcome these difficulties. By using
time-average vibrational holographic interferometry, the two principal stresses of a
membrane in anisotropic biaxial extension can be directly determined as a function of
temperature. This two dimensionally constrained stress-temperature response greatly
simplifies the resulting mathematical relations and yields no difference between constant
pressure and constant volume manipulations of the data for several forms of the strain-
energy function. This technique also eliminates problems inherent to the usual approaches
to equilibrium thermoelastic measurements. Chemical stress relaxation of rubbers is
another problem that is poorly addressed. Experiments to quantify this phenomenon
measure the force of a uniaxially constrained sample as a function of time. Holographic
interferometry is an advantageous method for measuring this type of problem.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1 . 1 Introduction
The study of the physical behavior of elastomers is motivated by the desire to use these
materials in a variety of environments and under different mechanical conditions.
Applications of the material are varied and often include uses in constrained geometries,
exposure to extremes in temperature and to a wide variety of solvents; examples include
tires, gaskets, rocket motors, etc. In each of these examples, it is essential that the
behavior of these materials is well understood and predictable. For this to be possible,
accurate testing conditions and modeling schemes need to be devised. These tests can be
difficult to perform and existing mathematical models often neglect several basic physical
requirements.
1.2 Dissertation Overview
This dissertation will study the thermoelastic behavior and chemical stress
relaxation of rubbery materials. Chapter 1 gives a literature review ofwork done in the
study of the deformation of rubbers, specifically, thermoelastic deformation. The
phenomenon of chemical stress relaxation will also be reviewed with special regard to
polysiloxane rubbers.
Thermoelastic behavior is investigated in chapter 2. A constitutive equation is
derived fi"om a strain-energy expression based upon a proper reference state. Existing
thermoelastic data is modeled with this relationship.
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The material properties of natural rubber are highlighted in chapter 3. Some
history of the material is given along with results from experimental characterization.
Sample preparation, thermal properties, moduli, crystallinity, and relaxation behavior are
examined in this section.
The stress-temperature behavior of geometrically constrained natural rubber is
detailed in chapter 4. Time-average vibrational holographic interferometry is used to
measure the stress as a function of temperature in this material for both uniaxial and
anisotropic biaxial extensions. Experimental details of the holographic apparatus and
experimental procedure are given. The energetic contribution to the stress of the natural
rubber is examined from the resulting data.
Chapter 5 features details of the chemical stress relaxation of polysiloxane rubber.
The stress of siloxane rubbers as a function oftime under different environmental
conditions is reported. Conclusions for proper storage and processing conditions are also
given.
Conclusions made from this investigation and suggestions for future work are
addressed in chapter 6.
1.3 Background
1.3.1 Thermoelastic Behavior
Rubber is an interesting material that has attracted much attention for several
years. It resembles a solid, but it behaves as a liquid in that the volume stays essentially
constant as it undergoes isothermal deformation. Alternatively, it behaves like a gas
because its elastic modulus increases linearly with temperature. This behavior has been
analyzed by a large number of researchers and reviewed by several others [1,17,61].
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Some of the earliest investigations were conducted by Gough upon unvulcanized rubber
[2]. In his experiments, he made a number of observations:
• Rubber warms upon extension and cools upon contraction.
.
When strained beyond a certain extension ratio, the rubber tries to contract upon
heating.
Subsequent work was conducted by Joule upon rubber that was vulcanized; vulcanization
helped prevent stress-induced crystallization [3]. The goal of his research was to confirm
a thermodynamic relation given as
U/j KdTJ (1.1)
p.f
where T is the temperature, / is the uniaxial force, Q, is the heat capacity at constant
pressure P, and L is the length of the uniaxially deformed sample. Upon stretching, Joule
measured the temperature change in the rubber sample along with the term
aini
as
p.fdT J
a function of force. It was observed that the temperature decreased at small extension
ratios, but increased as the extent of strain increased. The extension ratio at which these
temperature changes went fi-om a negative to a positive value was defined as the adiabatic
inversion point. This was the extension point at which the partial
^^"^1
also went
from a positive to a negative value. These results subsequently have been confirmed by a
wide number of researchers [4-7].
Another interesting property of rubbery materials (elastomers) is its ability to be
stretched to extreme lengths. Much work has been devoted to predicting the stress
resulting fi-om such a deformation. One of the eariiest models for predicting the
isothermal deformation of rubbery materials was developed by Eugene Guth, who
collaborated with Hubert James [8-9]. They described the network as a collection of
3
atoms with both covalent and non-covalent interactions. The long chains of the system
are held together by the covalent bonds and are regarded as a system of entropic springs
that is responsible for the anisotropic or deviatoric part of the stress. The non-covalent
interactions work to prevent two atoms from occupying the same space. Their work is
now called the theory of phantom networks and has been described as the initial idea from
which all modem theories evolved. At about the same time, the affine deformation model
(statistical thermodynamic model) was being developed by such workers as Kuhn, Wall,
Flory, and Hermans [10-13]. The two theories diverged on whether the crosslink
junctions undergo Brownian motion. The phantom network model assumes that the
network junctions are only constrained by connectivity patterns about the crosslinks and
are not affected by the state of strain of the network. The affme deformation model fixes
the network crosslinks at their mean position.
Specific assumptions of the statistical thermodynamic model are [61]
1
.
The entropy of the network depends upon the entropy of the individual chains.
2. The macroscopic deformation is essentially the same as the microscopic deformation
done to length scales to the distance between crosslinks (affme deformation
assumption).
3. The material is incompressible, (i.e., no volume change upon deformation).
4. The restoring force upon deformation comes from purely entropic contributions with
no change in internal energy.
By using these assumptions, a strain-energy function can be defined in the form
W ^NkT{Xi +Xl +X'3 -3) K (1.2)
where Wis the work of deformation;
,
X2, and X3 are the principal extension ratios
defined as the ratio of the deformed length over the undeformed length; is the number
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of chains in undeformed volume V,; k is the Boltzmann constant; and T is the absolute
temperature. This term is often rewritten as
W =
-G{X] +7^, -3) K (1.3)
with G being a modulus defined as G = NkT
.
An alternative approach to describe the isothermal stress-deformation process for
rubbery materials is to use a continuum phenomenological expression to describe the
deformation. Mooney was amongst the first to use such an expression [14]. This
technique derives a constitutive equation fi-om a strain-energy fiinction, W, that only
depends upon the deformation history. Mooney proposed fi-om purely mathematical
arguments that one possible fiinction could be given as
W = Q(X] +Xl +A?3 -3) +Q
a?
+ +
^^3
-3 Vo (1.4)
where Q and C2 are experimentally determined elastic constants; X,, ^2, and are the
principal extension ratios given hyXi =— with I, being the deformed length and Lo
being the undeformed length. This expression was derived assuming that the rubber is
isotropic, incompressible, and linear in the relation between sheering force and amount of
shear, for shearing in a transverse direction prior to simple extension or compression. It
should be noted that this work was conducted several years prior to the work described in
the paragraphs given above in this section.
Treloar took the statistical thermodynamic approach and applied it to a cube of
vulcanized rubber. He arrived at a strain-energy fiinction of the form
5
W = [C(V, +Xl +X\
-3)\K (1.5)
where C is an elastic constant defined by the molecular model adopted [15].
Rivlin described the strain-energy function for the most general case [16]. He
again assumed that the material was incompressible and isotropic, but also asserted that
isotropy required the strain-energy function to be symmetrical with regard to the principal
extension ratios. It was also required that the strain-energy density must depend upon
even powers of Xi
.
The simplest functions that meet these requirements are
/, = +>.2 +^^3 (1.6a)
l2 = 'm\ +XlX\ (1.6b)
h - A,? ^2X3 (l-6c)
where /,, /z, and are the basic strain invariants. Ifthe material is assumed to be
incompressible the third invariant, I^, reduces to unity. The remaining invariants become
7, = ^? +X\ +A?3 (1.7a)
/2=tV +tV + t^- (1.7b)
/VI A'
Rivlin then implied that for an isotropic incompressible rubber that the strain-energy may
be written as
00
W=XC,jil^-3){l2-3yK (1.8)
i/=0
6
Talcing the first term of the summation gives
(1.9)
which is mathematically equivalent to the statistical thermodynamic equation and is known
as the Neo-Hookean expression. The second term is
W = Coi ^ - +— +— -3^ Vo (1.10)
and has not been investigated. The next terms is
C,o(X? + X\ +^^3
-3) + Co,
r
1 1 1
+—
+
-3
J
Vo (1.11)
and is equivalent to the Mooney expression and has since been known as the Mooney-
Rivlin equation.
Treloar did a fairly comprehensive review of other forms of the strain-energy
function [17]. A brief review of a number of these theories as given by Treloar will be
reviewed here. Isihara, Hashitume, and Tatibana developed an expression based upon a
non-Gaussian network [18]. This expression is given as
fr=[C,o(/, -3) + Co,(/2 -3) + Qo(/, -3)^]^ (1.12)
A number of expressions were also established by Tschoegl [19]. For a carbon black filled
natural rubber that was crosslinked, the strain-energy fijnction was
W = [Q,{I, -3) + Co,(/2 -3) + Cn(/, -3)(/2 -2)]K (1.13)
7
or for butadiene-styrene uncrosslinked rubber as
W = [C,o(/, - 3) + Co,(/, - 3) + - 3)^(7, - 3^]^^ (1.14)
A separate approach was given by Carmichael and Holdway, who suggested a
dependence ofthe strain-energy upon X], X\, and Ti, by an arbitrary function, i.e., [20]
W = f{^.hf{^^yf{^ (1.15)
Later, Valanis and Lande! gave a similar expression
^ = f{^hf{K)^f{X,) (1.16)
with the extension ratios being positive by definition [21]. No physical basis is given for
either of the two expressions shown above.
Ogden considered various forms of f{X) to match existing experimental data
[22]. A general expression for f{\) was given in the form
m-t^ (...7)
where ap are real numbers and \ip are constants. The form of f{X) can be approximated
to experimental data as required. In this case, the Valanis-Landel strain-energy function is
equivalent to the function introduced by Ogden,
w ^>S'
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Ogden later expounded some of his work to the thermoelastic case [23].
Several other researchers have proposed strain-energy functions to describe
isothermal deformation. James, Green, and Simpson proposed an equation that involved
five or nine terms [24]. The first two terms of the strain-energy function were interpreted
by Kilian in terms of a van der Waals equation of state [25]. Gottlieb and Gaylord
interpreted the abilities of eight models to predict the isothermal biaxial deformation of a
rubber network [26].
Some attention has also been devoted to making isothermal measurements under
biaxial extension. Vangerko and Treloar monitored the state of stress on a thin-walled
rubber tube that was inflated [27]. States of homogeneous biaxial strain up to extension
ratios of 5.0 and greater could be achieved with this technique. Several researchers also
measured the principal stresses for flat sheet specimens in a state of anisotropic biaxial
extension. These results were examined as a strain-energy function written in terms of the
strain invariants /, and ^ [28-32].
For any given strain-energy function, the principal components of the engineering
stress, cSi", can be found using
W = (-) (1.19)
If this relationship is applied to the statistical thermodynamic expression with no
assumption of incompressibility, the resulting engineering stress for uniaxial conditions
becomes
af=Nk7{x,— (1.20)
^ KX
9
where V is the deformed volume.
When the deformed sample undergoes a change in temperature, the constitutive
equations need to be modified. The actual physical behavior can be monitored by holding
the rubber at constant extension and measuring the force, /, as a function of temperature
If the actual physical measurements are assumed to be made under isovolume conditions,
the measured expression becomes
. It should be pointed out that this partial is
related to the entropic contribution to the rubber resulting from isothermal deformation at
constant volume, i.e., | ^ . The two partials can be related by the thermodynamic
identity
\dT)V.L (1.21)
This relationship is used to measure the energetic component of the elastic stress by means
ofthe first law ofthermodynamics for uniaxial deformation
dU=TdS-PdV + fdL
^{?^ ^^A 0-22)
T.v KdTh.
where dU and dS is the incremental change in internal energy and entropy, respectively;
and P is the pressure.
Bianchi, Allen, and Price evaluated the term — with much experimental
\dTJL,y
difficulty and little precision [33]. To correct for these difficulties, experiments are
conducted at constant pressure and thermodynamic corrections are used. This expression
is derived from equilibrium thermodynamics as
10
The energetic contribution becomes
dlJr.y
= f-T
KdTJ 4-1 f^lp.L KdTJiAdP)T.L (1.24a)
or,
f
lydTJp.L KdTJLAdPJri (1.24b)
where = mi
dTJr.v
Shen and Blatz applied this relationship to the statistical thermodynamic theory with the
result of
f J 3 ^ dT ) (1.25)L.P
where G = NkT/K [34]. It is interesting that this relationship was derived using the
statistical thermodynamic expression that assumes that the energetic contribution to the
force is equal to zero, but results in a non-zero term for this expression. Shen later
calculated, using this approach, the relative energetic contributions for both the Mooney-
Rivlin equation and for the Valanis-Landel theory [35].
A variety of other propositions to interpret the energetic contribution to a rubber
has been given. Astarita and Sarti suggested that rubber elasticity theory can be described
in terms of a more encompassing theory [36]. Their work indicated that non-linear
II
viscoelastic materials can only accumulate elastic energy by means of changes in the
conformation energy with the energetic contribution to elasticity being a subclass of this
contribution. Chang, Bloch, and Tschoegl modeled the relative internal energy
contribution to viscoelastic materials based upon a reduced isochronal time [37].
Chadwick and Creasy proposed a model that allowed the deformation-dependent part of
the internal energy to be a symmetric function of the principal stretches [38]. The result
being that the deviatoric stress was not entirely entropic in origin, but had an internal
energy contribution. Sharda and Tschoegl went so far as to define four new
thermodynamic functions to describe the deformation of rubbers [39].
Considerable attention has been devoted to physically measuring the entropic
contribution to the stress. The typical method is to uniaxially constrain a rubbery material
and monitor the stress as a function oftemperature. The resulting stress versus
temperature data is interpreted by a variety of thermodynamic means [40-46]. Results
vary depending upon the rubber used or the thermodynamic interpretation, but of
particular interest to this work was a result for natural rubber of [43]
^ = 0.18
/
Other experimental techniques included measurements in simple shear [47] or torsion [48],
calorimetry [49], and thermal mechanical analysis [50].
1.3.2 Chemical Stress Relaxation
Elastomers based upon the siloxane bond (Si—O) are fairiy stable (about 92
kJ/mol) and have an energy of dissociation about 30% greater than the carbon-carbon
bond [5 1-53]. Polymers based upon the siloxane linkage have a very low glass transition
12
temperature (M27 °C). This arises because of large bond angles and bond lengths [54].
Because of these and other properties, the material is used in a wide variety of
applications. Some uses include as a potting compound for encapsulation of electric parts,
wire coatings, gaskets, adhesives, caulicing compounds, and paper release coatings. The
mechanic properties of unfilled siloxane rubber are poor, hence reinforcement by small-
particle active fillers, such as silicas is essential.
Of particular interest to this work are the high temperature properties of
polydimethylsiloxane (PDMS) rubber. The chemical structure for PDMS is shown in
Figure 1.1. The material is fairiy resistant to irreversible aging at elevated temperatures
and retains its tensile properties and hardness longer than most other elastomeric systems
[55-56]. However when the rubber is used under stressed conditions at elevated
temperatures, the material can relax.
These reactions include (1) siloxane bond interchange, (2) hydrolysis of siloxane
bonds. (3) oxidation of hydrocarbon groups in the crosslinks, and (4) oxidation of
hydrocarbon groups on the polymer main chain [52]. Figure 1 .2 depicts the chain
exchange reaction. This exchange has an activation energy of 95.4 kJ/mol versus an
energy of 23.3 kJ/mol when catalyzed by bases and takes place with equal facility in the
presence or absence of oxygen. Hydrolysis of the siloxane bond is shown in Figure 1.3.
The rate at which this reaction takes place is proportional to the water concentration and
is at a maximum when the environment is saturated with water vapor. For a PDMS
rubber, oxidation of hydrocarbon groups on the main chain is not a viable option.
Cleavage of network crosslinks by oxidative processes become detectable only above
250°C. Siloxane bond exchange is insignificant in the relaxation process. This leaves
cleavage of the siloxane bond by water being the principal mode of degradation at
temperatures less than 250 °C. In fact, the rate of chain scission follows an Arrhenius
behavior, which suggests a single process [52]. The presence of acids can also act to
catalyze the chain cleavage.
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Silica fillers while necessary for reinforcement, have detrimental effects upon the
relaxation process [52]. The filler can react with SiOH at the chain end and also cause
cleavage of the Si-O^i bond. The presence of the SiOH on the silica surface can also
cause cleavage of the main chain. This is depicted in Figure 1.4. One segment will
become chemically bound to the surface and the other becomes a shorter SiOH-terminated
chain, which can also bond to the silica surface [57-59]. This mechanism describes
another possible method of degradation. The crosslink density can increase because of
attachment of the ends of chain fi-agments to the silica surface. If the bound fi-agments can
span two filler particles, the network structure can increase greatly with very little chain
cleavage. The modulus will be strongly affected by this increase in network stucture.
To evaluate the degradation of the starting crosslink density as a function of time,
a stress relaxation experiment is used. This is done by constraining the material at some
fixed length and monitoring the stress as a fiinction of time. The statistical-
thermodynamic equation for uniaxial extension can be used to describe this behavior
c^{t)=N(t)k7{x,-±^ (1.26)
where a"(t) is the principal engineering stress as a function of time, N(t) is the crosslink
density as a function of time, k is the Boltzmann constant, T is the absolute temperature,
and Xi is the principal extension ratio. Since all of the variables on the right side of the
equation given above are constant with time with the exception of A^(/), Gi(i) should be
proportional to the crosslink density at any given time.
Tobolsky was among the first to study this behavior [60]. The stress at any given
time can be written as the ratio ofthe stress at some given time over the stress at some
reference time, 4
,
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N(t)
where G^(t = /„) and N{t = 4) are the principal engineering stress and crosslink density at
reference time, 4, respectively. Thus if the stress can be measured at a given time, the
crosslink density can be established.
The stress measurements are divided into two different experimental techniques,
continuous and intermittent stress relaxation. The continuous stress relaxation measures
all of the load-bearing chains. The intermittent technique measures the stress resulting
from instantaneous deformation of the sample and allows measurement of new network
chains formed during the extent of degradation. These two types of measurements are
necessary because the degradation process may include additional crosslinking in addition
to chain scission. Because of this, an approximation needs to be made in interpreting the
relaxation measurement. One of the first theories proposed was the "two-network" theory
of Andrews, Tobolsky, and Hanson [60]. This theory assumes that any chains formed in
the strained state do not bear a load. The continuous stress relaxation measurement
becomes a measure of the network density. The intermittent relaxation technique
evaluates the crosslinks from the initial network and any additional chains formed during
the degradation process. Several reviews on the subject have appeared [61-62] along with
several extended studies of the chemical stress relaxation of a wide variety of rubber [63-
71].
15
1.4 References
I.
2^1™:^^^^^^^^^^
2. Gough, J., "A Description of a Property of Caoutchouc or Indian Rubber with Some
ReflectK)ns of the Cause of the Elasticity of this Substance," Memoirs of th. T it.r.^,
and Philosophical Society of T nnHnn i ?g« ^
3. Joule, J. P., "On Some Thermodynamic Properties of Solids," Philosophical
Transactions of the Royal Society of T.nnHnn 149^ 91 (1859).
4. Meyer, K. H. and Ferri, C, "The Elasticity ofRubber," Helvitica Chimic. Art. 18,
5. Anthony, R. L., Caston, R. H. and Guth, E., "Equations of State for Natural and
Synthetic Rubberlike Materials. I. Unaccelerated Natural Soft Rubber," Journal of
Physical Chemistry
,
46, 826 (1942).
6. Hauk, V. and Neumann, W., "The Dependance of Stress in Rubber at Constant
Extension on Temperature," Zietschrift Fur Phvsikalische Chemie A182, 285 (1938).
7. Roth, R. L. and Wood, L. A., "Stress-Temperature Relations in a Pure-Gum
Vulcanizate of Natural Rubber," Journal of Applied Physics . 15, 781 (1944).
8. James, H. M. and Guth, E., "Theory of the Increase in Rigidity ofRubber During
Cure," Journal of Chemical Physics . 15, 669 (1947).
9. James, H. M. and Guth, E., "Simple Presentation ofNetwork Theory of Rubber, with
a Discussion of Other Theories," Journal ofPolymer Science . 4, 153 (1949).
10. Kuhn, W. and Griin, J., "Statistical Behayior of the Single Chain Molecule and Its
Relation to the Statistical Behayior of Assemblies Consisting ofMany chain
Molecules," Journal ofPolymer Science. 1 ,183 (1946).
II. Wall, F. T., "Statistical Lengths of Rubberlike Hydrocarbon Molecules," Journal of
Chemical Physics. 11, 527 (1943).
12. Flory, P. J. and Wall, F. T., "Statistical Thermodynamics ofRubber Elasticity," Journal
of Chemical Physics . 19, 1435 (1951).
13. Hermans, J. J., "Deformation and Swelling ofPolymer Networks Containing
Comparatiyely Long Chains," Transactions of the Faraday Society
. 43, 591(1947).
16
T^I[^94oC
^'"^ ^'"'^ I^efon.ations/-J,,01iLM^^
I't'''^
"^^''''"''^ ofLong-Chain Molecules," Transactions ofthe Faraday Society
,
,^Q^ (1047) ' -
^"^d r
16. Rivlin, R. S., "Large Elastic Deformations of Isotropic Materials IV " Philosphical
Transactions of the Royal Society ofLondon A 7di 17q (iq/|s)
'
17. Treloar, The Physics ofRubber Elastidty (Oxford: Clarendon Press, 1975).
18. Isahara, A., Hashitume, N. and Tatibana, M., "Statistical Theory ofRubber-Like
Elasticity. IV. (Two-Dimensional Stretching)," Journal of Chemir.l Phyd.c 19^ 1508
v ^
19. Tschoegl, N. W., "Constitutiye Equations for Elastomers," Journal of Polymer Sr.i^nr.
AL 9, 1959 (1971).
^—
20. Carmichael, A. J. and Holdaway, H. W., "Phenomenological Elastomechanical
Behayior of Rubbers - Oyer Wide Ranges of Strain," Journal of Annlied Phy.iV.. 32
159(1961).
^
'
'
21. Valanis, K. C. and Landel, R. F., "The Strain-Energy Function of a Hyperelastic
Material in Terms of the Extension Ratios," Journal of Applied Physics 38 2997
(1967). '
'
22. Ogden, R. S., "Large Deformation Isotropic Elasticity. Correlation of Theory and
Experiment for Incompressible Rubberlike Solids," Proceedings of the Royal Society
ofLondon Ser. A. 32, 159 (1961).
23. Ogden, R. W., "Aspects of the Phenomenological Theory ofRubber
Thermoelasticity," Polymer
. 28, 379 (1987).
24. James, A. G., Green, A. and Simpson, G. M., "Strain Energy Functions of Rubber. I.
Characterization ofGum Vulcanizates," Journal of Applied Polymer Science
. 19, 2033
(1975).
25. Kilian, H. G., "An Interpretation of the Strain-Inyariants in Largely Strained
Networks," Colloid and Polymer Science
. 263, 30 (1985).
26. Gottlieb, M. and Gaylord, R. J., "Experimental Tests ofEntanglement Models of
Rubber Elasticity. 3. Biaxial Deformations," Macromolecules
.
20, 130 (1987).
27. Vangerko, H. and Treloar, L. R. G., "The Inflation and Extension of Rubber Tube for
Biaxial Strain Studies," Journal of Physics D: Applied Physics
.
11, 1969 (1978).
17
28. Obata, Y. Kawabata, S. and Kawai, H., "Mechanical Properties of Natural Rubber
0 970)
" D^fo'-'^atio"." Journal of Polymer p.^ ^ o ^
29. Jones, a F. and Treloar, L. R. G.. "The Properties of Rubber in Pure Homogeneous
^^'^"1, Journal of Phvsics D: Applied Phy<,\r^ A (]Q7<^)
30. Kawabata, S., Matsuda, M. and Kawai, H., "Experimental Survey of the Strain energv
Density Functions of Isoprene Rubber Vulcanizate," Macromoleculef; 14, 155 (1981)
31. Matsuda, M., Kawabata, S., and Kawai, H. "Quantitative Analysis of the Strain
Energy Density Function for cis-l,4-Polyisoprene Rubber Vulcanizate "
Macromoiecules, 14, 1688 (1981).
32. Treloar, L. R. G., "Application of Flory-Erman Theory To Rubber in Biaxial Strain "
The British Polvmer Journal 1 2^ n QR9)
33. Allen, G., Bianchi, U. and Price C, "Thermodynamics of Elasticity of Natural
R-ubber," Transactions of the Faraday Society . 59, 2493 (1963).
34. Shen, M. and Blatz, P. J., "Energy Contribution to Rubber Elasticity," Journal of
Applied Physics . 39, 4397 ( 1 968).
35. Shen, M., "Thermoelastic Behavior of Rubber-Like Materials at Large Deformations,"
Journal of Applied Phvsics . 41 4351 (1Q70)
36. Astarita, G. and Sarti, G. S
., "Thermomechanics of Compressible Materials with
Entropic Elasticity," Theoretical Rheolotzv . eds. J. F. Hutton, J. R. A. Pearson and K.
Walters, (New York: John Wiley and Sons, 1975).
37. Chang, W. V., Bloch, R. and Tschoel, N. W., "The Internal Energy Contribution to
the Restoring Force in Viscoelastic Rubberlike Materials," Macromoiecules
. 9, 917
(1976).
38. Chadwick, P. and Creasy, C. F. M., "Modified Entropic Elasticity of Rubberlike
Materials," Journal of the Mechanics and Physics of Solids
. 32, 337 (1984).
39. Sharda, S. C. and Tschoegl, N. W., "Thermodynamic Potential Functions for
Elastomers," Macromoiecules
. 7, 883 (1974).
40. Shen, M., Cirlin, E. H. and Gebhard, H. M., "Thermoelastic Behavior of Some Acrylic
Polymers," Macromoiecules
. 2, 683 (1969).
18
Crosslmked Rubber Networks,"PfcNM^^m^^
PrQEerties, eds. A. J. ChompffanTslii^ii;^;^^
42. Sharda, C. and Tschoegl, N. W., "The Elastic Restoring Force in Rubbers "
Macromolecules
,
9, 910 (1976).
43. Shen, M., "Internal Energy Contribution to the Elasticity ofNatural Rubber "
Macromolecules, 2, 358 (1969).
44. Shen, M., McQuarrie, D. A. and Jackson, J. L., "Thermoelastic Behavior ofNatural
I^uDber," Journal of Applied Phvsics
,
18, 791 (1967).
45. Shen, M. and Blatz, P. J., "Energy Contribution to Rubber Elasticity " Journal of
Applied Physics . 39 4937 (IQ^S)
46. Ciriin, E. H., Gebhard, H. M. and Shen, M., "Energetic Stress in Rubber Copolymers "
Journal ofMacromolecular Science-Chemistry AS QRl (iq71)
47. Chen, T. Y., Ricica, P. and Shen, M., "Thermoelasticity of Acrylic Copolymers in
Simple Shear," Journal ofMacromolecular Science-Chemistrv
. A7, 889 (1973).
48. Mohsin, M. A., Berry, J. P. and Treloar, L. R. G., "An Experimental Study of the
Thermodynamics ofRubber in Extension and Torsion," British Polvmer Journal 18
145 (1986). '
'
49. Godovsky, Y. K., "Calorimetric Study ofRubber Elasticity," Polvmer
. 22, 75 (1981).
50. Hwo, C.-H., Bell, J. P. and Johnson, J. F., "Determination of Internal Energy
Contribution to the Thermoelasticity ofNatural Rubber During Compression by Use
of a Thermomechnical Analyzer," Journal of Applied Polvmer Science 18 2865
(1974).
51. Johnson, D. H., McLoughlin, J. R. and Tobolsky, A. V., "Chemorheology of Some
Specially Prepared Silicone Rubbers," Journal of Physical Chemistrv. 58, 1073 (1954).
52. Thomas, D. K, "Network Scission Processes in Peroxide Cured Methylvinyl Silicone
Rubber, " Polvmer
. 1,99(1 966).
53. Osthoff, R. C, Beuche, A. M. and Grubb, W. T., "Chemical Stress-Relaxation of
Polydimethylsiloxane Elastomers," Journal of the American Chemical Society
. 76,
4659(1954).
54. Owen, M. J.,"Why Silicones Behave Funny," CHEMTECH
. 11, 288 (1981).
19
55. Thomas D. K. and Sinnott, R., "Rubbers at Elevated Temperature " Journal for theInstitute for the Rubber Tnd.Ktry 3, 163 (1969).
t
^S^^^""'- '''''''''' PlfcM^
57. Sun, C.-C. and Mark, J. E., "Comparisons Among the Reinforcing Effects Provided byVanous Sihca-Based Fillers in a Siloxane Elastomer", Polvmer. 30, 104 (1989).
58. Berrod, G., Vidal, A., Papirer, E. and Domiet, J. B., "Reinforcement of Siloxane
Elastomers," Journal of Applied Polvmer Sdenr.p
,
26, 833 (1981).
59. Yu-Fu, L., Yong-Xia, X. ,Dong-Peng, X. and Guang-Liang, L., "Surface Reaction of
Particulate Silica with Polydimethylsiloxanes," Journal ofPolvmer Science- Pnlympr
Chermistrv Edition
,
19, 3069 (1981).
60. Tobolsky, A. V., Properties and Stucture of Polymer (New York: John Wiley & Sons
Inc., 1960).
61. Aklonis, J. J. and MacKnight, W. J., Introduction to Polvmer Viscoelasticitv
. (New
York, John Wiley & Sons, Etc., 1983).
62. MacKnight, W. J., "Chemical Stress Relaxation," Polymer Engineering and Science 7
276(1967). '
'
63. Brown, R. P., "Stress Relaxation ofRubbers in Tension-The Simple Approach,"
Polymer Testing
. 1, 59 (1980).
64. Thomas, D. K., "The Crosslinking of Methylvinyl Silicones with Organic Peroxides,"
Polymer
. 1, 243 (1966).
65. Shaw, M. T. and Tobolsky, A. V., "Thermal Stability ofNetworks Containing
Siloxane Linkages," Polymer Engineering and Science
. 10, 225 (1970).
66. Thomas, D. K., "High Temperature Stability in Fluorosilicon Vulcanisates." Polymer.
13, 479 (1972).
67. Vokal, A., Kou/ im, P., Siissmilchova, J., Heidingsfeldova, M. and Kopecky, B.,
"Comparison of Thermal and Radiation Curing of Silicone Rubber," Radiation and
Physical Chemistry
. 28, 497 ( 1 986).
68. Tamura, S. and Murakami, K., "The Determination ofNetwork Chain Density and the
Chemical Stress Relaxation of Crosslinked Polymer," Journal of Applied Polymer
Science. 16, 1149(1972).
20
69. Salazar, E A., Curro, J. G. and Gillen K. T., "Physical and Chemical Stress Relaxationof Fluoroelastomer," Journal of Appli.H Pniy»... c.;.„,,
^1, 1597 (1977)
70. Curro, J. G. and Salazar, E. A., "Physical and Chemical Stress Relaxation of
Elastomers, Journal ofApplied Polymer Sri^nrp 19^ 2571 (1975).
71. Stein, J and Prutzman, L. C, "Stress Relaxation Studies ofModel Silicone RTV
Networks," Journal of Applied Polvmer SdenrP, 36, 511 (1988).
21
CH3 CH3 CH3
^Si
—
0
— Si—0— Si
—
CHa CHs CHa
Figure 1 . 1 :Polydimethylsiloxane rubber
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Figure 1
.2 Chain exchange reaction for a polysiloxane rubber.
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Figure 1.3 Hydrolysis of the siloxane bond.
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Figure 1.4 Exchange reaction between silica and polydimethylsiloxane.
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CHAPTER 2
THERMOELASTIC BEHAVIOR
2. 1 Introduction
A number of theories have been developed to describe the stress-deformation
process for rubbery materials. Rivlin was amongst the first to use a continuum
phenomenological expression to describe large deformations of elastomers at constant
temperature [1]. Another popular theory is the statistical thermodynamic approach
expounded upon by Flory [2]. This theory assumes affine deformation of crosslinked
junctions and no internal energy change with isothermal deformation. Upon analyzing
deformation processes that involve a change in temperature, the situation becomes more
complicated. In the statistical theory, a single modulus is prescribed to account for these
changes in stress with temperature. This single parameter is set directly proportional to
the absolute temperature and is generally assumed to contain all of the temperature
dependence. Corrections made for other temperature effects such as thermal expansion,
are generally treated improperiy in the literature.
Considerable effort has been devoted to using the statistical theory to establish the
entropic and energetic contributions resulting from thermomechanical deformation [3-16].
Reviews on these results have appeared [17,18,27]. By using a thermodynamic approach,
several authors have interpreted this theory with the result of a non-zero term for the
energetic contribution to the stress [3,7,10-13,15-16]. It is the purpose of this section to
establish that this term is merely an artifact of an improper temperature reference state. A
proper reference state needs to be chosen for any parameter (e.g., extension ratios, area,
volume, etc.) that depends upon the initial dimensions. It is especially essential to choose
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a proper reference temperature for the moduli, since they too depend upon initial
dimensions.
2.2 Thermoelastic Theory: A Proper Reference State
In any thermomechanical deformation, the deformation process needs to be
properly mapped as it undergoes a change in dimensions resulting from either mechanical
or thermally induced processes. Figure 2. 1 shows an elastic body that is deformed by the
combined application of heat and an applied load. Traditional methods of large
deformation thermomechanical analysis of elastomers describe the strain history in terms
of the response of the material to a mechanically imposed deformation and neglect or
improperly consider the changes in the dimensions of the material with temperature, which
is the same as following path ^ ^ D in Figure 2. 1 . A proper treatment would account
for the changes in configuration resulting from thermal expansion. If the path A-> B h
followed, the temperature on an unconstrained stress free body changes from the initial
temperature, T^, to temperature, T, resulting in unconstrained thermal expansion.
Afterwards if some load is applied, the body isothermally deforms to a new configuration
as shown by path B ->D. Alternatively, the same process may be described by path
A-^C D. First, stress is applied to the body, which isothermally deforms to a new
configuration. Second, heat is added to the stressed body, resulting in a change from
initial temperature, T^, to a new temperature, T, causing constrained thermal expansion of
the body. Either path A ->B ->D or path A ->C ->D properly accounts for both the
mechanical and thermal histories of the body. However in this section, only the former
will be considered.
In order to describe the two step deformation processes, a Lagrangian strain
measure is used, which requires referencing the strain to a fixed stress free reference state
[19-20]. Also, indicial notation is used and summations are implied except where noted.
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valued function of A', and / ,
:
(2.1)
The deformation gradient for the process is defined by
(2.2)
dx,
The partial^ represents stress free thermal expansion from an unstressed reference state
at temperature, 7;, to temperature, T, and properly maps the path A^B shown in
Figure 2.1.
The isothermal mechanical deformation described by path ^ ^ D can be
envisioned by considering to be the particle position after isothermal mechanical
deformation at time, / j, where /j)^ The position of the particle is some function of
and t^ :
The deformation process for path B^ D 'ls described by the deformation gradient
(2.3)
(2.4)
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The full strain history for both thermal and mechanical deformations (path A->B-^D) \s
given by
or by the chain rule as
The deformation gradient tensor defined in equation (2.5) can be used to describe
the work done by deforming the material. During the deformation, it is assumed that the
material is perfectly elastic, i.e., that the state of an element in the material depends only
on the current value of the deformation gradient matrix in the element and not on the
history of the deformation through which the value is attained [21]. This suggests that the
work per unit volume of undeformed material or simply the total strain energy given by,
fT, is a function of the deformation gradient.
Two other restrictions are imposed upon W [22]:
1
.
Because the deformation gradient tensor includes the rotation as well as the
deformation, constitutive equations explaining it need to be constructed so that
stresses resulting from rigid body rotation are not predicted.
2. If the material is isotropic in its undeformed state, the function through which W
depends upon the deformation gradient must satisfy a corresponding symmetry
condition.
obc
Because of restriction (1), the dependence of W on —- is done through the symmetric
right Cauche-Green strain matrix, Cy , defined as
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'^dX^dX, (2.7)
The strain matrix takes into account the full deformation path A-^B^D^s shown
Figure 2. 1
.
Making use of the chain rules allows to be rewritten
in
as
m^ ^^^^^^ ~ dx, c5c.
" dx,dx„dx,dx, ""dx.dXj
where C,„ is the strain matrix representing isothermal deformation, (i.e., B^D).
Experimentally it has been observed that the length of an unstressed isotropic body
increases with temperature over a fairiy broad region of temperature as
^ = 5„ . (2.9)
where 6^ is the Kronecker delta, a is the linear stress free coefficient of thermal
expansion, T is the current temperature, and T„ is the stress free reference temperature.
Substituting this expression into the strain tensor yields
C, = ^^e^'^'-^\S^ = ^§.-(-^«)= (2.10)
OX, dx„ dXi dXj
A similar effect can be seen upon the Lagrangian strain tensor, Eij, which can be related to
the right Gauche-Green strain matrix by
^ = ^[Q-6,] (2.11a)
A strain tensor arising only from isothermal deformation can be defined
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(2.11b)
Substituting these relations given above into equation (2.10), yieldi
A = l[(2£, + ^>--(-^)_6,] (2.12)
For this strain measure, the shear strains depend upon the coefficient of thermal expansion,
(e.g., En = £,2e2*(^-^'')). In the case of small strains, the two tensors can be related after
linearization as
%j = ^j-o.{T-To)dij (2.13)
where is Cauchy's infinitesimal strain tensor and is Cauchy's infinitesimal strain
tensor arising fi-om isothermal deformation. The relationship given above indicates that in
the limit of small strains the shear terms don't depend upon the coefficient of thermal
expansion, but shear terms must include thermal expansion for large deformations.
A constitutive equation for isotropic materials can be written in the generalized
Duhamel-Neumann form ofHooke's Law
(yu = -^v{T-To) + QjrsEr, (2.14)
where is the Cauchy stress tensor; Py is a symmetric tensor, measured at zero strain;
and Q>, are the elastic constants measured at reference temperature, To. For an isotropic
Hookean solid, the equation is often written as
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(2.15)
where E is Young's modulus, and v is Poisson's ratio [19]. Inspection of this equation
shows that the shear strains have no dependence upon the coefficient of thermal
expansion, but the Lagrangian strain tensor (large strains) is still used. This form of the
constitutive equations does not properly consider the effect of thermal changes on the
strain state, but rather uses a linearization.
The dependence of W on Cy is expressed through the basic strain invariants,
where
(2.16a)
h = y2[{trC.y-trQ;] (2.16b)
A = detC (2.16c)
If the coordinate system is chosen such that the shear strain components vanish, the
invariants become
/. =
<dXJ
+
f
+
dx
+
2a{t-To)
(2.17a)
^ dx^ dx2^2 f dx2 dx^^
'^ldX2 dXyj
( dx-y dx^
+
cbc, dx^
'dxdx)
(dx, dx^
+
J ^dx^ dxy)
a(T-To)
(2.17b)
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yex^ 0X2 dxj
^Sxr, 8x2 SxjV
v^i ^2 dx .
6a
(2.17c)
In relating these invariants to the more familiar form found in the literature,
introduce the following notation:
we
dx
dX.
'7 = Hl) (No Sum) (2.18)
(No Sum) (2.19)
where X,(To) are the extension ratios referenced to temperature, T„ and represent the
stretch ratios resulting from both thermal and mechanical deformation; X,{T) are the
extension ratios referenced to temperature, T, and represent isothermal deformation.
These Xi(T) are the same X-s used in the statistical and continuum approaches to rubber
elasticity. The extension ratios are related as X,(7;) = After rewriting the
deformation gradients in terms of the extension ratios referenced to temperature, T, the
strain invariants become
liT)=X]{T)+Xl{T) + Xl(T) (2.20a)
/^(r) = (T)Xl (7) + X\ (T)Xl (T) + Xl (T) XXt) (2.20b)
I,(T) = X](T)Xl(T)xl(T) (2.20c)
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where /,(7-) are the independent strain invariants referenced to temperature, T. If the
strain variants are referenced to an initial temperature, (i.e., accounting for the change in
initial dimensions with temperature), the invariants are
/,(7;) = X.U7;) + X^z(7;) + X'3(7;) (2.21a)
W) = x\ (t)x\ (n) + x\ (n)x\ (z) + x\ (?;) x](z) (2.21b)
W) = x', (r„K, (7;) (2.21c)
where /,(r„) are the invariants at the reference temperature, t. The invariants referenced
to temperature, 7;, can be related to those referenced to temperature, T, as
/,(r„) = /-,(7-)e (2.22a)
h{L) = h{Ty (2.22b)
73(7;) = 73(7-)e (2.22c)
The strain energy becomes a function of the strain invariants
W=w(l(TmTmT)) = W(l,(n),I,{Z),I,(Z)) (2.23)
This function is typically written as a power series
»'(7-,7-)= f;C,(r,rX7(7-)-3)'(/Jr)-3)'(7(7l-l)V47l (2.24)
ijk=0
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where W{T, T) isthe strain energy as a function of temperature referenced to
temperature, T; Vo(T) is the undeformed volume at temperature, T, C^Jjj) are the
Rivlin elastic constants as a function oftemperature referenced to temperature, T, with
Co(X)[T,T) being zero.
Ifthe reference state for the strain energy is changed from T to 7;, the strain
energy may be rewritten as
00
ijk=0
-
- 3)'(/^{zy^- 3)'J'
m^"" (2.25)
where W{T,To) is the strain energy as a fiinction of temperature referenced to
temperature, T„, Vj^Z) is the undeformed volume referenced to temperature, 7;; and
AT=T-T„. The Rivlin elastic constants have been written so that they are referenced to
temperature, T. To transform the constants to reference temperature, T„, it is noted that
the strain energy is invariant regardless of reference state, ( i.e., W(T, f) = W(T, T„) ).
This demands that C .^(r, f) = C.^(r, I )e'^ where « = -3 + 2/ + 47 + 6k, (e.g.,
Co,o(r,r) = Q,o(r,7;>'^, CuiTj) = Cu^{Tjy^'). it is important to note that
the material constants are referenced differently. In the statistical theory or rubber
elasticity, the modulus is never properly referenced We see here that
c,oo(r,r) = c,oo(7;7;>-'^.
2.3 Expressions for the Strain Energy
The actual terms of the strain energy are limitless with the exception that the
resulting stress must reduce to linear elasticity in the limit ofvanishing strain [23]. Treloar
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applied the kinetic theory of rubber elasticity to an assumed incompressible cube of
vulcanized rubber yielding a strain energy of the form [24]
nTJ) = C,4T,Tp,{T)-2)K(T) (2.26)
This expression is called the neo-Hookean form and is similar to the Gaussian free energy
of deformation, but will not reduce to general linear elasticity. Mooney proposed on
purely phenomenological grounds [25]
^T, T] = [c.oolr, (r) - 3) + Co.o(r, r)(7,(r) - 3)]k(t) (2.27)
This expression is known as the Mooney-Rivlin form of the strain energy. Blatz showed
that the two Rivlin Constants, (i.e., C, and Q) combine in the limits of small temperature
changes and finite deformation to form a single shear modulus [26].
The neo-Hookean strain energy assigns the entire temperature dependence of the
equation to the material constant as
C,oo(r, T) = ^No RT^ ^Go(T, T) (2.28)
where A^^ is the number of network chains per unit volume of the undeformed sample, R
is the ideal gas constant, T is the current temperature, and G„(T, T) is the shear modulus
as a function of temperature referenced to temperature, T[21]. No corrections are made
to parameters that depend upon the undeformed dimensions (e.g., X, Vo, etc.). This
treatment is the same as mathematically following path A D in Figure 2. 1 . Also,
C\oo{T, f) is not referenced to a particular temperature, which makes it impossible to
assign the constant any experimentally measured value.
36
The effect of properly referencing the temperature can be demonstrated by
analyzing the neo-Hookean form of the strain energy under uniaxial extension
V x,(7;) )
(2.29)
where J{T, T„) is the dilatation as a function of temperature, T, referenced to
temperature, 7;, defined by J(l\ /;) = X,(7o)K(L)X,(L) = V(T)/K(n)
,
or
T) = Coo (7; T)[x] [T] + - 3V„(7-)
V HI] J
(2.30)
where J{TJ) = V{T)/K{7) .
Ifthe dependence of fF(r,r) on or W(TX) on X^Z) is known, the
nominal or engineering stress may be derived from
(2.31)
where a" (T, T„) is the engineering stress as a function of temperature referenced to
temperature, T„, and o "(7', 7 ) is the engineering stress as a function of temperature
referenced to temperature, T. The stress referenced to temperature, T„
,
is
o;(7-,7;)
= 2r,„(7;7;,)[x,(7;,)-477T
\ '^l \'o]
(2.32)
37
Alternatively, the nominal stress referenced to temperature, T, is
a;(r,r) = 2C,oo(r,r)fx,(r)-4^
(2.33)
These two expressions differ from each other in that equation (2.32) has parameters that
only depend upon the initial dimensions referenced to a particular temperature.
2.4 Energetic Contribution to the Stress
Numerous authors have devised methods for establishing the energetic
contribution to the stress. In the vast majority of these treaties, the authors start with the
statistical theory of rubber elasticity based on ideal rubber behavior (i.e., pure entropy) and
end up with a non-zero term for the energetic contribution [3-16]. It is noteworthy that in
the statistical theory a constitutive relation is developed based on pure entropy, yet when
the same relations are manipulated according to thermodynamics, an energetic term is
revealed.
To find the energetic contribution, the first and second laws of thermodynamics are
combined.
dU=TdS + dW (2.34)
where dU is the incremental change in internal energy; T 'ls the current temperature; dl^ is
the incremental change in entropy for a reversible process; and dW\s the incremental
change in work per unit volume ofundeformed material.
The incremental work for a solid deformation may be written for as
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dW(TX) =c^d\nX{L)V(T)
(2.35)
to
es
where dW{T, n) is the incremental work as a function of temperature referenced
temperature, a, are the principal true stresses; dln^T.) are the incremental chang
in the natural log of the extension ratios referenced to temperature, Z; V(T) is the
deformed volume as a function of temperature referenced to temperature, T.
Redefining the true stress for uniaxial conditions with hydrostatic pressure, P,
yields
a, = a, - CT2 = -P; O3 = -P (2.36)
Substituting these terms back into the internal energy yields
dU = TdS - PdV{T) + 6,d\nX,{To)V(T) (2.37)
This can related to the form often seen in the literature by the use of a, =J— where
A{T)'
f is the force, and A{j) is the deformed cross-sectional area referenced to temperature,
T. The resulting internal energy is
dU = TdS- PdV{T) + fdL{T) (2.38)
where dL(T) is the incremental change in length along the principal direction.
To evaluate the restoring force contributed by the material as it undergoes a
deformation, dL{T), we have
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= T
dS
(2.39)
The partial
' dS
^
^'^ifjjr p(^)
""^'^^^^
^^^"Se in force with temperature by
making use of the Helmholtz free energy, F, given by
F=U-TS (2.40)
Substituting the incremental internal energy into this expression yieldi
dF =
-SdT - PdV(T) + fdL(T) (2.41)
then.
' dS ^
(2.42)
Putting this expression into equation (2.39) gives
^ dU ^
SL(T))T.y(T)
=/-
{t).l{t)
(2.43)
Equation (2.43) is often written as a ratio of the energetic contribution to the force over
the force as
f^ V dT A(r).K(r)
(2.44)
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Equations (2.32) and (2.33) can be rewritten in terms of the force as
/ = or (7-, r)A,(T) = 2 C^{T, 1)A^(Th,{T) -
V X| (r)
= c7r(7',r„)^4r„) = 2C4r,r„H(r„)Lr„)-4^
(2.45a)
(2.45b)
where A„(T) is the undeformed cross-sectional area referenced to temperature, T, and
A^L) is the undeformed cross-sectional area referenced to temperature, T„. Equations
(2.45a) and (2.45b) are two separate relations and are usually not written explicitly
because previous authors do not reference the equations to a particular temperature.
Calculating the change in force with temperature for the two expressions above gives
^d\nC,^(T,T)
dT
Z;(r).K(r)
(2.46)
Also,
^1
dTJ :{T).y{T)
= f
^djnCjTX)
I 5r )l{t).p{t)
(2.47)
Applying equation (2.44) to equations (2.46) and (2.47) yields
— =\-aT-T ^ '
f K dT ) x.(r).K(r)
(2.48a)
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and.
/ r ^i"C,oo(r, r„)\
(2.48b)
The ar term in equation (2.48a) is a result of the reference state and is an aftifact. As
noted earlier C,oo(r, T) = C.Jj, T„)e " then
dT
-a (2.49)
Finally, if it is assumed that the material is an ideal rubber, the material constant can be
assigned a value of
c4r,r„) = KRT (2.50)
Substituting this definition along with equation (2.49) into equations (2.48a) and (2.48b),
yields for both equations
f
= 0 (2.51)
This is in agreement with the definition of an ideal rubber. Shen and Blatz reached a
similar conclusion in which they assigned the shear modulus a form of
GiTX) = G(T„XXT/T,)e-""'''' (2.52)
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where m is a constant; is the shear modulus as a function of temperature, L,
and is referenced to temperature, L; and p is the volumetric coefficient of thermal
expansion. Using this definition, they concluded
j = (m-lpT/2) (2.53)
which is the same as our result when m = \, however they did not recognize that moduli
depend upon a reference temperature and that /w = 1 for all materials when one references
values to the current temperature T.
2.5 Expressions for the Strain Energy
Using a thermoelastic approach that utilizes a proper temperature reference point,
allows successful modeling of existing stress-temperature data. Equation (2.25) can be
manipulated to yield
00
ijk=0
Vj(Z) (2.54)
A variety of terms can be been retained from this equation to describe the stress-strain
behavior of an elastomeric material under both isothermal and non-isothermal conditions.
For this discussion, we are interested in expressions that reduce to linear thermoelasticity
in the limit of small strains and small temperature changes [23]. It has been shown
elsewhere that volume changes determine the entropic contribution and influence the
internal energy component of deformation for classical linear thermoelastic solids [28].
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With this in mind, it seems logical that any phenomenological expression derived from the
strain energy density should reduce to a deviatoric and a spherical component.
The first three terms in the Rivlin expansion of the strain energy density will not
reduce to linear thermoelasticity. Three terms of higher order are necessary. Two of
these terms are first order and the remaining term is second order or higher. The
following equation illustrates a possible expansion of equation (2.54) that reduces to linear
thermoelasticity.
+Coo,(r,7;)(/3(r„)-e^"^^ Voir:) (2.55)
The first two terms of this equation combine into a single term in the limit of small strains
and small temperature changes, and represent the deviatoric component. The final term
reduces to the spherical component in the same limit.
The first principal true stress, ct,, can be derived from the strain energy density
using
^,(7;) {dW{T, To)
' J(T,T„)[ dk,(L)
(2.56)
with the result of
a, = 2Qoo(T, To)-j^^ + 2C00, (r, 7;) 7;) 4- 4C^(T, Z)J(T, To)[j\T, To) - e"-'') (2.57)
The stress must be equal to zero when the extension ratios referenced to temperature, T,
are equal to one, (i.e., J{T, T)=\, X{T) = 1 ). This requires
44
(2.58a)
(2.58b)
Substituting these terms into equation (2.57) yield;
o = 2C,oo(r,7;>-'^^%2Coo,(r,7;).3a AT
-c,oo(r,r„).-^^ = Coo,(r,7;) (2.59)
The resulting stress becomes
1 =^C,4'rJo)\^j^-J(^^^^^ (2.60)
The second principal true stress can be derived in a similar manner as
C2=2Qoo(T,To)
^ (T;)
_
-W^
+ 4Coo2(T,To)J{T,To){j\t,To) - e^^^) (2.61)
Under uniaxial conditions,
^2(7;) can be related to X,(7;) by
_
J{T. To)
(2.62)
Equation (2.61) then becomes
r
C2 = 2Qoo(T,To}j^ - J{T, To)e ^'^^ | + AC^(T, n)j(T, To)[j\T, To) - (2.63)
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Subtracting the two principal stresses yields
Aa= 20,00(7-, 7;)
r -,2Wo) 1
(2.64)
where Aa
-
a, - ct^
.
The above equation can be changed to the engineering stress
referenced to temperature, T„, as follows
^-\T, 7;)=4^^Aa = 2C.oo(r,rA(7;)-^ (2.65)
The dilatation, J{T, To)
,
can be evaluated by setting CTj equal to -P, where P
the atmospheric pressure.
IS
P = 2Q4T,Z)-i-r-J(T,L)e 4aAr
hiz)
+ 4Co4T, To)J(T, To){j\T, To) - e^^)
(2.66)
In the limit of small strains, the dilatation can be linearized from the above equation as
J{T,To)
-p + 8Coo,(r, T„) - 2C,oo(r. 7;)
^^^y, ^
+ 8aAr(3Coo,(r, T,) - c,oo(r, r„))
-2C,oo(r,7;) + 8Coo2(r,r,)
(2.67)
2.6 Evaluation of Material Constants
To compare the Rivlin constants to measurable physical constants, some
manipulation ofthe governing equations are required. Taking the partial derivative of
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equation (2.65) with respect to the uniaxial extension ratio referenced
at constant pressure and temperature gives
to temperature, 7;,
P.T
1- 1 ( ^{T,To)] 2J{T,n)
(2.68)
The partial
a,(7;) j, ,
evaluated by relating it to the equations of linear
thermoelasticity given by
e4n)-aAT= n{T, Z) - u(r. a "(r, ?;) + o ;,{T, Z))) (2.69b)
b4Z) - oAT- =
.^l—^[ollT, Z)
-
o(7-, Lia:,{T, Z) + o ^T, Z))) (2.69c)
where ei,(7;),e22(7;), and 833(7;) are the strains referenced to temperature, Z; E(T,To)
is the Young's modulus as a fiinction of temperature referenced to temperature, Z;
^\)(T^,To), 0 22{T, To)
,
and a IJj, To) are the engineering stresses as a function of
temperature referenced to temperature, 7;; v>{T, Z) is Poisson's ratio as a function of
temperature referenced to temperature, Z. Assuming isothermal conditions and small
strains, the dilatation as a function of temperature referenced to temperature, Z, can be
written as
^T, To) = = 8, ,(7;) + 847;) + 833(7;) +
1
=
-^f-^(^
- To)){<5:,{T, To) -f a,°,(r, Z) + ollT, Z)) + 1 (2.70)
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Setting ar.(r,7;).ar.(r,7;)-P,
.MTJ.) = -P,
.,iTX) = -P and .alcing use of
Hookes Law (a ° (r, 7;) = E{T, T„)e,,(n) ) gives
^(r,7;) = (i-2u(r,7;))[s..(7;)-^].i
(2.71)
Finally setting £,,(7;) = X,(To)
-
1 yields
J{T, L) = (1 - 2u(r, L))[xiz) -^ - 1) + 1 (2.72)
Then,
= l-2x){T,Z) (2.73)
When J(T, To) = 1 and X,(To) = 1, equation (2.68) becomes
^J^_^ = 4c4r,7;)(i..(r,r.)) (2.74)
This can be related to linear elasticity by
Gli^T, To) = E{T, L)e,{Z) = E(T, lXx(To) - 1) (2.75)
Taking the partial of equation (2.75) yields
^{To) J P.T
= E{T, To) = 2G{T, To)(\ + v{T, Z)) (2.76)
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which necessarily implies.
2Qoo(T,n) = G{T,Z)
(2.77)
The material constant, Coo2(r, To), can be related to the bulk modulus as a
function of temperature referenced to temperature, r„ by the use of the modulus'
definition
K(r,7;) = - dP (2.78)
For the testing conditions used to evaluate the bulk modulus, there is an imposed
hydrostatic pressure with no distortional component. In this case, ct, = 02 = = -P/3
and X,(7;) = X,{To) = X,{T„) = jK (7^^ 7;) . jhe pressure becomes
-P 2C,oo(r, r„)y-/3 (7^^ 7;) + 2Coo,(r, 7;)j(r, To)
+4Coo2(r, To)j{T, To)(j\T,To) - e^^^)
(2.79)
After linearizing the equation given above with respect to the dilatation, the bulk modulus
can be calculated using
K(r,r„) = -
^ dP ^
KdJ(TJo)j
(2.80)
K(r, To) = 3 2C,oo(r, Tof-^ + 2Coo,(r, To) + 4Coo2(r, 7;)(3 - e^'') (2.81)
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Previously it was shown thsA
-CJT T)e~^^ - r (t t\ c o ,
^
^m\i,io e
-^m\l,lo). Equation (2.81)
rearrangement becomes
Cwa{T, To) =
(2.82)
2. 7 Modeling of Existing Uniaxial Stress Temperature Data
To demonstrate the effectiveness of adopting a phenomenological approach as
given in the last section, the uniaxial stress-temperature data and constant (atmospheric)
pressure obtained by Shen and Blatz is modeled [13]. The stress from their work is
assumed to be referenced to the current temperature, (TJ), and in this work is
referenced to a fixed temperature, (i.e., (r, 7;) = (T, T)e"^' ). Using the strain
energy density given by equation (2.55), a stress function is derived in and is given by
equation (2.65). The dilatation is given by equation (2.67), and the material constant,
C,oo(r, T;)
,
is a function of G{T, To) given by equation (2.77).
Table 2. 1 illustrates dilatation values calculated using equation (2.67). It is noted
that the dilatation is very close to unity for isothermal deformation. This remains
consistent with the treatment normally taken when analyzing thermoelastic data.
However, when there is a change in temperature, the dilatation still has volumetric
expansion in the unconstrained dimensions and neglecting these contribution can lead to
errors.
These authors report G(30'iK,2Q3K) = 0.223MPa, and a=2.2 x lO-^/K. For the
other variables from equation (2.67) that weren't defined in the paper, the variables were
set as P =0 atm, and the bulk modulus as a function oftemperature, T, referenced to
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temperature, 7;, as K(r, r„)= 2000 MPa. For our model, G(T,Z) = G{LX)L
GM =G(303K,303K). The other material constant, Coo.(r, 7;), can be evaluated
by the use of equation (2.82), (e.g., C^.(303K,303K) = 83.4 MPa). Figure 2.2 shows the
theoretical calculated data along with the experimental data generated by Shen and Blatz.
Figures 2.3-2.5 were generated in a similar manner. The shear moduli for these
plots were given as 0. 194 MPa, 0.213 MPa, and 0.206 MPa for figures 2.3-2.5.
correspondingly. It is important to note that these values were obtained from the equation
of state for rubber elasticity. Inspection of these figures reveals that the accuracy of the
theoretical fit decreases with increasing extension ratio.
2.8 Examination of the Theoretical Energy Contribution to the Stress
The energetic component of the uniaxial stress, ^^^(T, Z), is given by
dU (TT\
Since it is experimentally impractical to perform thermoelastic measurements at constant
volume, corresponding equations at constant pressure are typically used. It can be shown
that
da,(T,To) fdP^ r
\ dT Jj(^T.To).M(To) y dT ;/>.x,(r<,) ^5^A(7-.r<,).x,(r„)l dP jr.x,(7b)
The partial (—
J
can be evaluated using a pressure term given by
^dT>'j^TJo).Xi(To)
(2.84)
-P = 2Qoo(T,n)
-7Z7T-4'^X)e-*''' +4Coo2(TJo)j(T,L)lj\T,n)-e'^'') (2.85)
\A^\[Jo) J
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Taking the partial of the pressure with respect to the temperature yieldi
dP)
= -2
^W") A dT
+ 2Qoo{T,To)J{T,zi
de 4aAr
^/(rjo).x,(7o)
dT
- 4( - j{T, To
dT
+ 4Coo2{T,To)J(T,zi
de
6aAr-
(2.86)
dT JJ
If C,oo(r, To) = then f
^'""(^'^°)
To \ dT
Then,
_
C\(^{To,To)
^J{^oyx^{To) To
dP
dT.
= -2
j{TSo).X^(To)
-SaQoo(TJo)J{TX)e
AaAT
J
4(xAT
T
-4{j{TJo)'-J{T,To)e'^')
+ 24aCoo2(T,To)J(T,To)e
f
\
6aAr
^002{T,To)
dT
'j(TJ-o).Xi(To)
The partial
'dCo^TX)
V dT yj(7-j„),x,(r„)
can be evaluated from it's definition as
Cooiir, Toj —
4aA7'\
4(3 -e^^)
(2.87)
(2.88)
The partial becomes
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( dC^2{T, Z))
dT
<{TX)A)
dT ^ ^ 1,3 + ^ J
- 8aC,oo(r. Z)e *aAT
4(3 - e"^")
(12-4/'^')^
The partial
^l(7b)
can be evaluated by the chain rule as
dP Jt. L (V{T,'r„) jr.x,(7-o
^3a^(7;7;)^
a/(7;7;)
dP
Jt.
The stress term is defined as ar(7; 7;) = 2C,oo(7; 7;)f;i,(7;) - ^^1^
V A,i(7;)
The partial then becomes
(2.89)
(2.90)
dJ(TJo]
The other partial
^ dP ^
dJ{T,Z\77",
--2C,o«(7',7;)-^|—
A,i(/„j
is equal to
(2.91)
( (
f dP ^
dJ(TJl]
^\{To)
r \
\A,\[Io) J
dJ[TJo]
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' dp ^
^{T, To]k Mir.)
^
- ^'^-(^' ^^y^T^ T.]^ 4Coo.(r, 7;).-- (2.92)
The partials given by equations (2.87), (2.91), and (2.92) can be evaluated by
constants given in section 2.7 and the partial
the stress function
use of the
^ dT J
can be evaluated from
yielding,
r
(2.93)
The partial
dT J
can be obtained from equation (2.85) as
'
dJ[T,To)\
. dT )r
4aAr
raCocCr.r^j^J
[47'(7-,7;)-4J(7'.7;).««^-24aCo«(r.7;Mr.r„).'
+ LLhiXi
2C,o«(r,7;)c +4Co«2(r,ro)[-3J'(7',7;)+^'"''j
(2.94)
When all of the terms from equations (2.83) and (2.84) are evaluated from the expressions
given above, the calculated internal energy contribution is equal to zero, (i.e., = 0).
The internal energy contributions given by Shen and Blatz are difficult to compare to our
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calculated values because they do not report their values referenced to a particular
temperature.
2.9 Conclusions
When describing any thermomechanical deformation, it is necessary to consider the
process in two parts. First, stress free changes in dimensions resulting from thermal
expansion need to be accounted for. Second, isothermal deformations resulting from an
applied stress need to be assessed. Ignoring this two-step process is one of the
shortcomings of many previous interpretations of thermoelastic theory. These approaches
lock parameters that depend upon the initial configuration to a particular value and do not
properly map the effect of temperature changes.
A proper reference point for the moduli also needs to be established. Traditionally,
the modulus of a rubber is assumed to be directly proportional to the absolute
temperature, but it is not acknowledged that is has to be referenced to a temperature. For
example, an ideal rubber has a modulus, G{T, Z) = KRT, but this is only true if
referenced to temperature T„. If instead it is referenced to temperature T, it is only
entropic if G{T, f) = N^RTe'^i^ '^o)
Traditional thermoelastic analysis neglects the effects of thermal expansion in the
interpretation of thermoelastic data. Thermodynamic corrections are applied to the theory
of rubber elasticity with a result of a non-zero term for the energetic contribution to the
force. When the changes in dimensions resulting from thermal expansion are accounted
for and if the material constants are referenced to a particular temperature, this
contribution is equal to zero. This is consistent with the theory of rubber elasticity that
assumes that the stress resulting from temperature changes is purely entropic in nature.
Using this type of approach, existing thermoelastic data can be successfully modeled.
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able 2.1 Dilatational values calculated from equation (2.67) for
different temperatures and extension ratios.
Extension
ratios
^(r,283A:) J(T,293K) J(T,303K) J{T,3\3K) J{T,313K)
^(^,333/:)
= 1.00
0.986755 0.993352 0.999950 1.006547 1.013144 1.019741
= 1.05
0.986760 0.993358 0.999955 1.006552 1.013149 1.019746
U303K)
= 1.10
0.986765 0.993362 0 999960 1 A 1 '> 1 f J1.013154 1.019752
\{303K)
= 1.30
0.986780 0.993377 0.999975 1.006573 1.013171 1.019768
= 1.50
0.986790 0.993389 0.999987 1.006585 1.013183 1.019781
kp03K)
= 2.00
0.986808 0.993407 1.000005 1.006604 1.013202 1.019801
t^i^O,T=To (yi=0,T^To
Figure 2. 1 Physical description of thermomeclianical deformation.
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Figure 2.2 Stress-temperature data of Shen and Blatz for "infinitesimally" strain
(butt-jointed sample [13]) along with the theoretical fit generated by equation
(2.64).
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Figure 2.3 Stress-temperature data of Shen and Blatz for finite strain (butt-jointed
sample [13]) along with the theoretical fit generated by equation (2.64).
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Figure 2.4 Stress-temperature data of Shen and Blatz for finite strain ("sandwiciied"
sample [6]) along with the theoretical fit generated by equation (2.64).
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Figure 2.5 Stress-temperature data of Shen and Blatz for finite strain ("sandwiched"
sample [13]) along with the theoretical fit generated by equation (2.64).
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CHAPTER 3
MATERIAL PROPERTffiS
3.1 Introduction
In chapter 2, an analysis of thermoelastic data generated by Shen and coworkers
was given. In these experiments, natural rubber was used. These measurements were
duplicated using holographic interferometry as detailed in chapter 4. For these
experiments, natural rubber was used in order to best duplicate the results of Shen and
coworkers. This chapter gives an analysis of the physical properties of this material.
Natural rubber (cis-l,4-polyisoprene) is a product of the Hevea brasilienis tree, but
also occurs in a large number of other plants. Figure 3.1 shows the chemical structure of
natural rubber. A comprehensive review of the material can be found elsewhere [1]. A
brief review is seen here. Some of the eariiest references to natural rubber were made in
the eariy 1600's by Antonio de Herrera Tordesillas. He brought the substance to Europe
after seeing it being used as a rubber ball in a game at the court of Aztec Emperor
Montezuma II. The material remained a curiosity until after 1750 when Charies de la
Condamine observed the rubber being used by South American Indians to prepare such
items as boots, liquid containers, and waterproofing cloth. These reports lead to the
manufacture of crude items by first dissolving the rubber in a useful solvent. The actual
name "rubber" was coined by Joseph Priestley (famous for the discovery of oxygen) when
he observed that the gum from the Hevea tree could be used to rub out pencil marks.
The uses of rubber were limited until Thomas Hancock in 1820 developed a device
to soften the rubber. He designed a masticator that softened the rubber, allowing easier
dissolution in a solvent. The properties of the substance were later enhanced in 1839 by
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Charles Goodyear who leaded to crosslink the material by mixing it with sulfur in the
presence of heat and white lead. Interestingly, Hancock was able to obtain the British
Patent for the process, because Goodyear did not apply for the patem until 1843.
3.2 Experimental
3.2.1 Sample Preparation
Pale crepe natural rubber, generously donated by Colonial Rubber ofHope, New
Jersey, was roll milled with 1.5 phr dicumyl peroxide at Spalding Sports World Wide in
Springfield, Massachusetts. Films, 0.33 mm thick, were formed using a Carver Hot Press.
The initial curing temperature was at 140 °C for 40 minutes with the dicumyl peroxide
acting as a crosslinking agent. The sample was removed fi-om the press and allowed to
slowly cool to room temperature. The material was then post-cured at 70 °C for twelve
hours under vacuum. Figure 3.2 shows the crosslinking process for a peroxide with cis-
1,4,-polyisoprene.
3.2.2 Tensile Testing
Because the crosslink density of the natural rubber depends upon cure time, it was
necessary to ensure that a proper cure cycle had been achieved. Since the modulus is
influenced by the crosslink density, one way to find a proper cure cycle was to monitor the
stiffness of the sample as a function of cure time. Samples were prepared as described
above with the exception of the cure times, which varied in ten minute intervals fi-om
twenty to eighty minutes. Twenty samples were prepared at each time interval. Ten of
these samples were tested after the initial cure and the remaining ten samples were post-
cured under vacuum for twelve hours at 70 °C.
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All testing was conducted using an Instron Universal Testing Instrument, Model
5564. Testing was based upon the procedures described in ASTM D638M. Dogbone
samples used in tensile testing were die cut from the rubber films using a Type M-1 die. A
strain rate of 5 mm/min was used. All stress calculations were based upon the cross-
sectional area of the undeformed dogbone. To prevent slippage, sandpaper was used with
pneumatic grips to hold the sample. A fixed gage length of 5 cm was used.
Measurements were recorded on a Gateway 2000 60DX2. Young's modulus
calculated from the stress versus strain measurements at small strains. Values reported
the average values taken from 10 samples.
was
' are
3.2.3 Temperature Dependent Density Determination
The density of the pale crepe natural rubber can be established using Archimedes
Principle. The idea is that if the weight of a material floating in a solvent of known density
can be established, the density of the material can be found. A sample of some volume
when placed in a solvent of known density will be buoyed up by the solvent in a manner
that depends upon the density of the sample. Mathematically this may be written as
M'^„ = (p{T)-p,(T))V (3.1)
where is the immersed weight; p(T) is the density of the sample at temperature, T;
p,(r) is the density of the liquid at temperature T; and V is the volume of the sample.
From this expression, the density of the sample at a particular temperature can be found if
the density of the solvent at that temperature is also know.
The density of the solvent as a fiinction of temperature can be found using a
sample ofknown volume with a negligible coefficient of thermal expansion. This can be
written as
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^h^'-e is the weight of the submerged sample; v.,, is the weight of the hanging
sample; p,(r) is the density of the solvent at temperature, T; and V is the volume of the
known sample and is assumed to be independent of temperature. Ideally, the solvent
should not swell the sample of interest and the boiling point should be considerably greater
than the working temperature. If the density of the sample is known at a variety of
temperatures, the linear coefficient of thermal expansion, a, can be found from
where p(r) is the sample density at temperature, T, and p(To) is the sample density at
reference temperature, Z. For this experiment, 1
-butanol was used as the solvent.
3.2.4 Thermal Expansion Evaluation
The linear thermal expansion coefficient of pale crepe natural rubber was
determined using a TA Instruments thermal mechanical analyzer (TMA) in film/fiber
mode. A load of 0.005 N was applied to a sample, 3 mm wide by 30 mm long. A
temperature ramp of 10 °C/min was employed and the linear thermal expansion coefficient
was determined from the slope of the dimensional change versus temperature curve.
3.2.5 Bulk Modulus Determination
The bulk modulus was measured using a Gnomix Inc. PVT apparatus. This
instrument allows the change in volume of a sample to be monitored as a function of
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temperature and hydrostatic pressure. Because the instrument also monitors the effect of
temperature, the volumetric coefficient of thermal expansion can be determined.
Figure 3.3 shows the PVT diagram. During the extent of the experiment, the
sample is contained within the rigid end of a sample chamber. The other end of the
chamber has a flexible bellows that is comiected to a linear variable differential transformer
(LVDT). Mercury is used as a confining fluid for the sample. A load may be applied to
the sample chamber via a ram that is connected to a high pressure hand pump. A
controllable heating jacket surrounds the sample chamber. The change in specific volume
of the sample resulting from pressure or temperature changes can be measured by the
deflection of the bellows and hence the LVDT. Signals from the LVDT are recorded on a
computer along with the experimental time, and sample temperature. The accuracy of the
instrument has been well established [2-5].
The equations of elasticity can be used to correlate the bulk modulus to the change
in specific volume of the sample. A material can be characterized by 21 independent
elastic constants for the most general form of anisotropy. For a rubber that is assumed to
be isotropic, the material can be characterized by two elastic constants. The definitions of
these constants can vary but are often written as k, the bulk modulus, and G, the shear
modulus. Hooke's law may be written as
Cue =2ks^ (3.4a)
o;j=2Gz'y (3.4b)
where a** and 8^^^ are the traces of the normal stress tensor and the normal strain tensor,
respectively; and o,- and are the stress deviation tensor and strain deviation tensor,
respectively; defined as
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1
^
^'*i=^j-^^^ii (3 5b)
where o, is the stress tensor, is the strain tensor, and 5, is the Kronecker Delta [6].
For the experimental conditions used by the PVT apparatus, it can be assumed that
there is a state of hydrostatic compression,
-P. This implies that the shear stress terms
are equal to zero and the normal stresses become
a„ =C22 =a33 = -P
In this case, Hooke's law for the normal stresses becomes
-P = KBuc (3 6)
In the limit of infinitesimal strain, e** =^ with Vo denoting the undeformed volume and
AV = V-Vo with r being the deformed volume. This implies that
P
K =
K
(3.7)
By monitoring the change in volume as a function of pressure, the bulk modulus can be
measured.
The volumetric coefficient of thermal expansion, a^, is defined as
1
= (3.8)
Vo AT ^
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where \T-T-To with T being the current temperature and L is some reference
temperature. The PVT apparatus can also be used to obtain
.
3.2.6 Crystallization Determination
Uncrosslinked natural rubber can crystallize at temperature below 20 T because
of its stereoregular molecular structure. The rate of crystallization varies with the
temperature, type, and condition ofthe rubber. Since a volume change is associated with
crystal formation, it is necessary to understand the effect of crystallization upon the
crosslinked rubber [7].
To measure the extent of crystallization upon the stress free crosslinked rubber,
differential scanning calorimetry (DSC) was used. A TA Instruments DSC was employed
for the measurements. The DSC runs were conducted under nitrogen at a ramp rate of 10
°C/min from below the glass transition up to 80 °C. Sample sizes ranged from 10 to 20
mg.
3.2.7 Strain Induced Crystallization Determination
Crystallinity can be introduced into a polymer in a number ofways, (e.g.,
controlled cooling from a molten state, solution casting, or annealing the sample).
Another mechanism is strain induced crystallinity resulting from straining the material at a
temperature above it's glass transition temperature. One simple way of considering this
process is to envision the straining as removing the kinks from the polymer backbone and
extending them along the strain axis to enhance packing. During the extent of a
thermoelastic experiment, the rubber sample is strained to a variety of extension ratios
with the possible result of induced crystallization. As the sample is heated, crystalline
71
portions of the rubber might melt, leading to changes in volume [8]. One method for
looking for this behavior is wide angle x-ray diffraction (WAX).
This technique should give only diffuse diffraction rings for an amorphous
polymer. If the extent of crystallinity is increasing with the amount of applied strain, sharp
discrete diffraction rings should begin to appear as the strain is increased. To characterize
this, the diffraction pattern was observed as a function of strain. The material was
prepared as described above to a thickness of 0.33 mm and was held at a constant strain
by adhering the rubber to a washer using an epoxy. The sample was placed in a Statton
type camera with the film being placed behind the sample so as to record the beams
diffracted in the forward direction. The X-ray beam was generated by a copper target
with a wavelength of 1 .54 A.
3.2.8 Stress Relaxation Testing
One of the assumptions of thermoelastic measurements is that the crosslink density
does not change with time, (i.e., no viscoelastic response in the material during the extent
of the experiment). If the stress is changing during the long times to reach thermal
equilibrium because of some other mechanism besides thermoelasticity, errors in the stress
measurements will result. To examine this effect, a rubber sample was held at constant
uniaxial strain and the stress was measured as a function of time using time-average
vibrational holographic interferometry. Since thermoelastic measurements were taken for
samples in a state of anisotropic biaxial extension, relaxation measurements were
conducted under these conditions also.
For the uniaxial experiments, ten samples were cut into 3 mm wide samples and
strained to a fixed extension ratio, A,|(25°C) = 1.30 . In the biaxial case, the two extension
ratios were ^,(25° C) = 2.00 and A.2(25°C) = 1.50 . The state of stress as a function of
time was measured for all samples at 70 °C.
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3.2.9 Gas Dilatation Testing
The effect of pressure upon the stress of a strained sample can be monitored using
high pressure gas dilatometiy. The experiment was conducted using a dilatometer
designed by Farris Instruments and has been described elsewhere [9]. Initially, the rubber
sample is cut into a thin strip and is placed into the instrument. The extent of strain can be
controUed and the amount of uniaxial force on the sample is measured using a load cell.
The containment chamber is pressurized using nitrogen gas, which can be monitored
independently of the load, up to 14 MPa. Before the experiment is conducted, it is
necessary to establish the effect of pressure upon the load cell. This will give a baseline
correction for all data.
3.2.10 Thermogravimetric Testing
Thermogravimetric (TGA) testing was conducted using a TA Instruments TGA
Model 2950. TGA experiments were conducted in a nitrogen atmosphere. The sample
was allowed to thermally equilibrate at 30 °C and then heated to 80 °C at a rate of 10
°C/min. Weight loss was monitored as a function oftemperature.
73
3.3 Results and Discussion
3.3.1 Equilibrium Cross Link Density
Table 3.1 shows the modulus as a function of cure time. Ideally, a cure time will
be selected that gives the greatest modulus with the least cure time, because natural rubber
oxidizes at elevated temperatures. Inspection of Table 3.1 shows that the material reaches
a stable value for the modulus of 0.64 MPa after 40 minutes of cure time. Longer times
did little to improve the modulus and some discoloration was observed in the samples that
were cured for 70 minutes or more. The samples that underwent the post cure saw little
dependence upon the initial cure time. Modulus results varied by 9%.
3.3.2 Density
Figure 3.4 shows the density as a function of temperature. At 24 °C, p(24 °C) =
0.918 g/cm^. The volumetric coefficient of thermal expansion was determined to be 661
ppm/°C. These values will be used in all subsequent calculations because measurements
were taken under stress free conditions.
3.3.3 Thermal Expansion Coefficient
The result fi-om one TMA experiment is shown in Figure 3.5. The initial sample
length was 13. 1 15 mm. Using this result, a linear coefficient of thermal expansion was
determined, a = 219 ^m/m°C. This result is consistent with the value obtained from
density measurements and closely matches the result obtained by Blatz and Chen.
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3.3.4 Bulk Modulus
The PVT data can be presented in a variety of ways. Figures 3 .6 and 3 .7 show the
change in volume versus pressure and change in volume versus temperature, respectively.
By interpreting the change in volume versus temperature at each pressure, a volumetric
coefficient of thermal expansion can be evaluated. These results are shown in table 3 .2.
Likewise, the bulk modulus can be found by examining the change in volume versus
pressure at each temperature. These results are shown in table 3.3
3.3.5 Crystallization
Under stress free conditions, diflFerential scanning calorimetry is adequate to
examine the change in crystallinity with temperature. DSC traces indicate a glass
transition region, Tg, at -60 °C and no crystalline melting portion in temperatures ranging
from 20 °C to 70 °C, which is the working temperature of the thermoelastic experiments.
WAX was used to examine the effect of straining upon the crystallinity. At low
extension ratios, X-ray diffiaction patterns are diffuse. As the extension ratio increases,
little or no change is observed in the resulting diffraction patterns.
3.3.6 Stress Relaxation
Figures 3.8 and 3.9 show the stress relaxation results for the uniaxial case and the
anisotropic biaxial case, respectively. For the uniaxial case, some relaxation is observed at
long times. This would indicate that care should be taken when conducting thermoelastic
measurements at long time scales. Since thermoelastic measurements are often concluded
within a 10 hour time frame and are not subjected to elevated temperature for extended
periods of times, the biaxial case is more representative of actual experimental conditions.
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Inspection of figure 3.9 shows that little or no relaxation is observed within a time frame
often hours. More relaxation is observed for X.(^) thanfor X.(Z). This observation i
consistent with expectation as the magnitude of X,(Z ) is greater than X^Z
)
.
3.3.7 Stress-Pressure Behavior
The effect of pressure upon the stress for a natural rubber in uniaxial extension is
shown in figure 3.10. The results are shown in table 3.4.
3.3.8 Weight Loss
one
Figure 3 .11 plots the weight loss versus temperature for two different samples;
sample had been post-cured and the other had not. This figure reveals a weight loss of
0.45% for the sample that was cured at 140 °C for 40 minutes. No observable weight loss
is seen in figure 3. 1 1 for the post-cured sample. Because of this observation, a post-cure
of 12 hours at 70°C under vacuum was adopted as normal procedure.
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Table 3.
1 Modulus as a ftinction of curing time.
Time rmimitpQ^
Modulus (MPa)
20
054
10
0.55
40 0.64
so 0.66
60 0.66
70 0.68
80 0.62
20P 0.60
30P 0.71
40P 0.62
SOP 0 66
60P oil
TOP 0.70
80P 0.62
*P indicates that the sample was post-cured.
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Table 3.2 Volumetric coefficient of thermal
expansion as a function of pressure for natural mbber.
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Table 3.3 Bulk modulus as a function of pressure for natural rubber
40
50
60
70
2301
2255
2027
1995
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Table 3 .4 The dependence of stress upon pressure as established from gas dilatomctry.
X,(25"C) f aal'(25"(')^
1 034
6. 48x10-^'
1.067
4.96x10-^
I.IOI 4.91xl0-f>
1.135 5.66x10-6
1,168 4.69x1 0-f>
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^^^ HaC H3C H3C
\
Figure 3.
1
Chemical structure of natural rubber (cis-l,4-polyisoprene)
82
—0—
c
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RO- + ^CH2CH=C(CH3)CH ROH + ^CH2CH=C(CH,)CH
-^CH2CH=C(CH3)CH
+
CH2CH=C(CH3)CH^
CH2CH=C(CH3)CH
CH2CHIC(CH3)CH
>^CH2CH=C(CH3)CH
CH2CH=C(CH3)CH
CH2CH=C(CH3)CH
CH2CH-C(CH3)CH
\AAACH2CH=C(CH3)CH2
>/\AAiCH2CH=C(CH3)CH
\AA/^CH2CH=C(CH3)CH
%AAACH2CH2 C(CH3)CH
Figure 3.2 Peroxide initiated crosslinked of cis-poiyisoprene. Subsequent
crosslinking is also depicted.
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Figure 3.3 Schematic of the Gnomix Inc. PVT Apparatus.
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Figure 3.4 Density of pale crepe natural rubber as a function of temperature.
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Figure 3.5 Dimensional change versus temperature for a natural rubber.
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Figure 3.6 Change in volume versus pressure for a natural rubber.
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Figure 3 .7 Change in volume versus temperature for a natural rubber.
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Figure 3.8 Stress relaxation for natural rubber
in a state of uniaxial strain. Measurements were taken
at 70 °C. Results shown represent the average of 10
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Figure 3 .9 Stress relaxation for natural rubber in a state of
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CHAPTER 4
THERMOELASTIC MEASUREMENTS AND MODELING
4. 1 Introduction
In chapter 2, we presented an approach to thermoelasticity that properly accounts
for variations in initial configuration resulting from temperature changes. This was done
by developing a constitutive equation that properly references parameters that depend
upon the initial dimensions along with the material constants to a particular temperature.
This chapter expands upon this work by presenting thermoelastic data obtained from
vibrational holographic interferometry and explains how this technique allows for
simplification of the thermoelastic analysis. Of particular interest is the ability of this
technique to measure the true stress of a film constrained in uniaxial or biaxial extension.
Several methods for measuring the thermoelastic behavior of rubbery materials
have been devised. These methods typically uniaxially stretch a piece of rubber to some
fixed extension and measure the force or engineering stress as a function of temperature
[1-5]. Some researchers have also analyzed the isothermal and thermal behavior of rubber
samples under biaxial extension [6-10], but very little attention has been devoted to the
thermoelastic behavior of elastomers under anisotropic biaxial extension. Problems with
experimental techniques vary. They include electronic drift in equipment during the long
times required to achieve thermal equilibrium and changes in the length of the testing
hardware with temperature.
The proposed method for correcting these problems is to employ time-average
vibrational holographic interferometry. It also allows resolution of one or more of the
principal stresses of a thin film in either uniaxial extension, or isotropic and anisotropic
biaxial extension to a degree of high accuracy. This technique allows a variety of
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measurements to be made, including directly measuring the total state of stress and
through the thickness difiusion coefficients of a thin film, and determining the elastic
constants [11-15].
4.2 Vibrational Holographic Interferometry
For a membrane in an anisotropic state of biaxial stress, the Cauchy or true stress
tensor, or,.
,
may be written as
^,2 0
^22 0
0 0 0
(4.1)
It is assumed that the in-plane true stress for such a system has a dominating influence
upon its natural frequencies [16]. The governing equation for any membrane in
anisotropic biaxial stress under vacuum is [17]
where w is the out-of-plane displacement; t is the time; p(r) is the deformed density of
the membrane referenced to temperature, T\ x, and are coordinate directions. Certain
assumptions are made when using this equation [18]:
1
.
The in-plane stress is assumed to be homogeneous.
2. The membrane is of uniform thickness.
3. The out-of-plane displacement is sufficiently small so that the state of strain and hence
stress is not affected by vibration.
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4. The thickness and modulus of the membrane are small enough to neglect the bending
Stiffness.
The governing equation allows determination of all three terms of the stress tensor,
or the two principal stresses and the angle of orientation of the principal axes [13]. If a
square membrane is oriented with its edges aligned along the principal directions, the shear
stress terms, a,^, disappear and the governing equation reduces to
"•^^"^^^^(^)^ (4 3)
where a, and are the two principal true stresses. The edges can be assumed to be fixed
giving no out-of-plane displacement at the edges [12]
w = Oatx, = 0,X2 = 0,x, = L,jC2 = /.
where L is the length of the square membrane. Using these boundary conditions, the
solution to equation (4.3) becomes
w{x^,x„t) = Ksini^^x^ sin(^y sin(co^/) (4.4)
where eomn are the resonant angular frequencies. At other frequencies, m'(x,,jc2,/) = 0.
Substituting equation (4.4) into equation (4.3) yields
a^m^ + n^n^ = 4p(T)(x^„„yL' (4.5)
95
where u„
=±„ „ are the resonant frequencies of the sample and can be experimentally
determined when the sample is vibrating at its natural frequencies, and m and « are
integer mode numbers used to describe the many modes ofvibration that can be observed.
In the case of uniaxial tension, the governing equation becomes
with a solution of
a,m-4p(rXo.)^L^ (4.7)
In equations (4.5) and (4.7), the deformed density is difficult to measure, but
be related to the undeformed density and the dilatation as a function oftemperat
referenced to temperature. To, by the use of
can
ure
where p(7;) is the undeformed density referenced to temperature, Z; J{T, To)
= V{T)/Vo(To) with V(T) being the deformed volume referenced to temperature, T, and
Vo{To) is the undeformed volume referenced to temperature, Z. Substituting this
definition back into equations (4.5) and (4.7) yields
a, J{T, To)m^ + a, J{T, = 4p(7;Xv).„)'Z-' (4.9)
and,
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To directly measure the principal stresses, the resonant frequencies of the
membrane can be measured as a function of temperature (ranging from -50° C to 400° C)
and the vibrational modes are visualized in real time. Several modes of vibration can be
detected, (e.g., (m,«).(l,l), (1,2), (2,1), (2,2), ). Once the resonant frequencies have
been established, the principal stresses can be very accurately determined using a linear
regression method. For the case of uniaxial extension, the first principal stress can be
established using equation (4. 10), or for the case of anisotropic biaxial extension the first
two principal stresses can be found from equation (4.9) using a linear regression method.
Holographic interferometry has several advantages over traditional methods used
to make thermoelastic measurements. Accurate measurements require equilibrium
conditions which are difficult to obtain because of electronic drift of load cells and their
instrumentation. Holographic interferometry eliminates this error because the sample is
constantly constrained and the biaxial stresses in the membrane are directly determined
using no load cells. Another problem with traditional methods is the change in the length
of the sample gripping hardware with temperature. By constraining the sample with a
washer with a low linear coefficient of thermal expansion, hardware thermal effects can
essentially be eliminated.
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4.3 Analysis of Anisotropic Biaxial Stress Data
Measuring the two principal stresses of a rubber under anisotropic biaxial
extension allows simplification of the thermoelastic analysis. In chapter 2, a work density
function was given. This form was selected because it is most similar to linear theory in
large shear and reduces to linear thermoelasticity in the limit of finite strains and small
temperature changes. This form is
+Coo.(r, Z)(J\T, To) - e^'') + Coo2{T, Z)(j\T, L) - e^'')
Vo(To) (4.11)
where W(T
,
Z) is the strain density as a function oftemperature referenced to
temperature, T„; Vo{To) is the undeformed volume referenced to temperature, T^; X^(To),
X^(7;), and Xi(To) are the principal extension ratios referenced to temperature, T„;
Cioo(r, To)
,
Cooi(r, To)
,
and ^02(7^, 7;) are the Rivlin elastic constants as a function of
temperature referenced to temperature, r„; J{TJo) is the dilatation defined by
To) = XiTo)XiTo)l,{To) = V{T)/Vo{To) a is the linear stress free coefficient of
thermal expansion; ST=T-To with T being the current temperature and T„ is the stress
free reference temperature.
The principal true stress can be derived using
(4.12)
The two principal true stresses for biaxial extension become
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a, =
2C,oo(r,7;)
a, =
+2Coo,(r, r„)j(r, 7;) + 4Coo.(r, 7;)j(r, r„)(/(r, r„) - e^^)
^H^O J{TJo)20,00(7-, 7;)
,
^
+2Coo,(r, 7;)y(r, r„) + 4Coo,(r, z)j{t, Top\T, To) - e^'^)
(4.13)
(4.14)
Subtracting these two equations from each other and rearranging yieldi
AaJ(r, To) = 2Q4T, Tof X\(To) - }^{To)) (4.15)
where Aa = a, -aj.
If the strain density function is defined differently than by equation (4. 1 1), the
resulting first normal stress difference may result in a form different from equation (4. 15).
However for this work, we will limit out analysis to this equation, because it simplifies the
thermodynamic analysis of the internal energy contribution to the stress.
The energetic contribution to the force is often derived by using the partial
where / is the total elastic force; V[T) is the current volume referenceddTJ P(t), Xi(To)
to current temperature, T; and X,(To) are the extension ratios referenced to temperature,
T; However, it is experimentally difficult to constrain the sample at constant volume
during deformation. Because most experiments are carried out under constant pressure,
the partial is taken as the change in stress with temperature at constant pressure and
constant X,(To)
.
We are interested in the same type of relationships based upon
Aa = a, - CTj where a, and CTj are the true principal stresses.
Starting with a strain energy fijnction in terms of the extension ratios referenced to
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dH' = [o,rflnX,(7;) + o,</ln X,{Z) ^<,,d\n K{n)f{T) (4,6)
The true stress may be redefined for anisotropic biaxial stress with imposed hydrostatic
pressure, P,
a,=a;
-P ,c^ = a;^
-P, a, =-P
The strain density becomes
dW = [G;d\nX,{T„) + c5'^d\n X^{T^) - p(d\n X,(7;) + d\nX,(T^) + d\n X,{t:))]v(T)
(4.17)
This can be rearranged to yield
dW = [G; J(T,To)d\nX,{Z) + c', J{TJo)d\nX^{Z)-PdJ(TJ.)]w^(T:) (4.18)
The stress vs. temperature behavior of reversible deformations can be derived from
the combined first and second laws ofthermodynamics
dU=TdS +dW (4.19)
where dU, dS, and dWare the incremental changes in internal energy, entropy, and strain
density.
Substituting equation (4.18) into equation (4.19) yields
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dU = TdS +
Mt) (4.20)
Setting {7 = f/A, S= S/,
(4.21)
It then follows that
dUJ0\
+ (4.22a)
and
<y'^J{T,L)
,
2V oJ/x^(T„).TJ(T.T^)
The incremental change in the Helmholt free energy, F, is given by
dF=-SdT+dW (4.23)
which together with equation (4. 18) yields
dF =
-SdT + AT, To)^^^ J{T,L)^^ - PdJ{T, L)
Wo) HTo) Vo(7;) (4.24)
Setting F^Yy^jy S = y/^^r)
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From above, it follow that
(4.26a)
and
HTo)H'^o)-J[TJo)
Substituting equations (4.26a) and (4.26b) into equation (4.22a) and (4.22b) respectively,
yields
I dU \ f d{a: j(T,To))^
a(a^ j(r, r„)y
"
J
+aV(7',7;) (4.27b)
It IS necessary to relate
r dGj{T, To)
V dT Jj(T.Toy^(Toy^(To)
This is done using
to
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The same is also true for
J(T.To).Xi(T„).X2(To)
Using these relationships, equations (4.27a) and (4.27b) become
The energetic contribution to the stress may be defined as
Substituting these expressions into equations (4 29a) and (4.2%) and subtracting the
yields
two
^o'^j(T,To)= Ac' j(TJo)-
7
{dAa'j(r,Z)\
ATJo)x ,(r„).x2(
l
dAG'j(T,To)\
(4.30)
where Aa'^. = o',^ - and Aa' = a',
Dividing through by Aa' J(7', /;)
Aa'
Aa' Aa'y(7',7;)
yaAa'j(7;/;) \
P.X |(7-„)A2(7-o)
+
J(7-To).X,(r„).X2(^.
/aAa'j(7;7;)\
(4.31)
In chapter 2, it was shown that for an ideal rubber
(4.32)
where A';, is the number of network chains per unit volume of the undeformed sample, and
R is the ideal gas constant. Equation (4. 1 5) becomes
(4.33)
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If this definition is used the partial (^^^ZiZlZfl^
is equal to zero. Equation
(4.31) becomes
Aa
E. -
= \-T
NJ<7\X\(To)- }^(To))
'
d{KRT{X^(To)- }i{To)))
df
= 0
(4.34)
This is consistent with the definition of an ideal rubber. If this was the case, a plot of
AcJ(T, To) versus temperature should intersect at the origin. Even more interesting is
that AgJ(T, To) versus temperature should be the same for constant pressure as for
constant volume.
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4.4 Experimental Procedure
Pale crepe natural rubber was cured in a hot press at 140 for 40 minutes using
1.5 phr dicumyl peroxide as a crosslinking agent. The sample was then post-cured at 70
°C for twelve hours under vacuum. After post-curing, a wire screen of 100-lines-per-inch
is superimposed over the surface. Gold is sputter coated over the screen leaving a mesh
pattern on the film. For uniaxial measurements, a narrow strip is cut fi-om the film with
the edges ofthe strip aligned along the edge of the superimposed mesh pattern and is
clamped between two Invar washers, designed to bolt together. The true stress is then
measured as a function oftemperature with the same sample being used at different
extension ratios.
For the case of anisotropic biaxial extension, the film is stretched to different
extension ratios in the orthogonal directions to generate a state of anisotropic biaxial
stress. An Invar washer is bonded to the stretched film by using an epoxy of Shell's EPON
828 (diglycidyl ether of bisphenol A type epoxy resin) with a V-40 (a polyamino amide)
curing agent, to preserve the state of strain in the film. For both uniaxial and anisotropic
biaxial extension, the strain is accurately determined by measuring the mesh deformation
using an optical microscope. Figure 4. 1 shows the mess pattern before and after
deformation as viewed through a microscope.
The holographic interferometer used in this work has been described previously
[19]. A brief explanation of the apparatus will be discussed here. Figure 4.2 depicts the
holographic setup. During operation, a He-Ne laser beam is split into an objective and a
reference beam by a beam splitter. The reference beam is reflected off a mirror, through a
dif!user to a thermoplastic photographic plate. The objective beam is reflected from a
mirror, through a difiuser to the sample, and then reflected off the sample face to the
thermoplastic plate. During the experiment, a static image of the sample is developed
upon the thermoplastic plate. When the two wave fronts combine at the plate, an
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interference pattern depicting the vinual three-dimensional image ofthe sample in the
object plane results. This patten, is observed using a video camera that looks through the
thermoplastic plate.
The sample is rigidly fixed in a vacuum chamber with the potential for temperature
control. This vessel is comiected to a piezoelectric shaker or electromagnetic shaker that
is driven by a sine wave generator. The resonant fi-equencies are determined by steadily
increasing the fi-equency until the membrane resonates. The resonance is depicted by the
appearance of the associated mode shape when obsemng the interference pattern on a TV
monitor. Examples of these patterns for a rubber membrane under anisotropic biaxial
stress with the corresponding mode numbers are depicted in figures 4.3-4.7. After
establishing the resonant fi-equencies, the corresponding stresses may be established from
equations (4.9) and (4.10). Table 4. 1 depicts typical data for a rubber membrane in a state
of anisotropic biaxial extension. By changing the temperature of the vacuum chamber, the
stress of the membrane can be measured as a function oftemperature.
4.5 Results and Discussion
Tables 4.2 and 4.3 show the numerical data taken from the thermoelastic
measurements of natural rubber in uniaxial and anisotropic biaxial extension, respectively.
4.5.1 Uniaxial Data
The data from table 4.2 can be interpreted using equation (2.64) from chapter 2 of
this work, which may be rewritten as
o,j(r,7;) = 2C,47-,7;)[xU7;)-:^ (4.35)
J
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The dilatational term in this equation can be evaluated from
given by
equation (2.67) of chapter 2,
-2C,oo(r,7;) + 8Coa3(r,7;) (^36)
where P is the atmospheric pressure. Since the experimental measurements are taken
under vacuum, this terms is set equal to zero. The material constant C,oo(r, 7;) is a
function of the shear modulus, G(T, T;)
,
given by equation (2.77) of chapter 2 as
2C,oo(r, T;) = G{T, T;) For an ideal rubber, G{T, Z) = G{T„, 7;)— with an
experimentally measured value of G(29^K,29%K) = 0.252 MPa. The other Rivlin
constant, Coo2(r, 7;) , is described by equation (2.82) from chapter 2 and is given by
_<^'^°)/^2C.oo(r,7;)(X+^'"n
4(3 -e^'^) (4.37)
where k(T, To) is the bulk modulus as a function of temperature referenced to
temperature
,
To, and is assigned a measured value of 2000 MPa. The linear coefficient of
stress free thermal expansion, a, has a measured value of220 ppm. Using equation
(4.35), the uniaxial data from table 4.2 can be modeled. These results are shown in figure
4.8.
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4 5.2 Biaxial Data
To analyze the data from table 4.3, a constitutive equation need to be developed
for the case of anisotropic biaxial strain. Equation (4. 1 1) gives a possible work function
that reduces to linear themioelasticity in the limit ofsmaU strains and finite temperature
changes. This equation is given as
Vo(To)
The true stresses can be derived from the work function using
a,F.(r.) =-mW4)
^ J(T,To)[ dk.(Z)
The resulting stresses become
A? (T)
^, = 2q«,(r, + 2C^, (T, T„)J{T, To) + 4C^ (T, T„)j(T, /;)( n)
-
(4.38a)
J(TJo)
^2 = 2qoo{T, ^o)j^j^ + 2Qo, (T, T^)J(T, To) + 4C^, (T, T„)J(T, To){f(T, To) - .^^) (4.38b)
^3 {To)
= 2q^{T,To)-j^ + 2C^, (T, Z)J(T, To) + 4C^ (T, T„)j(T, To)[f(T, To) - e^') (4.38c)
It has been shown in chapter 2 that
-CUTX)e-'"' = C^,{TX) (4.39)
Using this relationship, the principal stresses become
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f 12
X?, (r)
=2^oo(^'^°\7^--^(7',7;>-^'"^J +4q^(r,r„)j(7',7;)(j^(7',7;)-e-^) (4.40a)
''^='^^^(T'^'^o\-~~-J{TJoy''^^^^
(4.40b)
To account for changes in pressure, a,, can be set equal to an imposed hydrostatic
pressure,
-P. A new series of principal true stresses can be defined to account for this
applied pressure
a', =a,-a3 (4.41a)
<5\ =a2-a3 (4.41b)
a3 = -P (4.41c)
It is also necessary to relate \J(ro) to the two principal strains, X,(7;) and 'K2{To), by use
of the definition of the dilatation, To) = X,(7;)^(7;)^3(7;)
,
yielding
(4.42)
Use of equations (4.41a) - (4.42), give new expressions for the principal stresses as
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(4.43a)
(4.43b)
f \
4aAr
+ 4Q,(r, r^VXr, 7;) + 4c,,(r, 7;)j(r, r„y<^
(4.43c)
The dilatation can be solved from this last expression by solving the roots of the equation
or linearizing the relationship with respect to J{T, L) yielding
^7-, To) =
-e 4aAT + 4Q„,(r,7:)(3-^^^)
(4.44)
where Cioo(7', To) and Coo2{T, To) were given earlier as
2C,oo(r, To) = G(T, To) (4.45)
^002(7', 7^) -
4(3 -e"^^) (4.46)
Equations (4.43a) and (4.43b) can be rearranged to yield
(4.47a)
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(4.47b)
where a', = a, -P and a'. . a. -P. The dilatational term for these equations is given in
equation (4.43c). The roots of this relationship can be solved explicitly or determined by
hneanzmg the relationship with respect to J(T, L) resulting in equation (4.44). The
experimental conditions require that measurements are taken under vacuum which implies
that the pressure term is equal to zero. The values for the constants C,,(r, r„) and
Qo2(^> To) are defined in the above section. Using a value of k(298A:,298A:) = 2000
MPa, a = 220 ppm, and q^{29SK,2nK) = 0.108 MPa, equations (4.47a), (4.47b), and
(4.43c) allow the thermoelastic data to be modeled. Figures 4.8-4.12 display a, J(r, L),
02^(^,7;), and AcsJ(T,To) versus temperature along with the theoretical values. If
Cm{T, T„) = C,oo(7;, 7;) 777; , where C,oo(r„, 7;) is the Rivlin constant as a function of
temperature, 7;, referenced to temperature, T„, Qoo(T, L) can be determined from the
slope of haJ(T, To) versus temperature as shown by equation (4.33) and should intersect
with the origin as the temperature approaches absolute zero. The energetic contribution
to the rubber can be established using equation (4.34). Table 4.4 shows the calculated
values of 0,00(7", T„)
,
the intercept of the slope, and the energetic contribution to the
stress.
4.6 Conclusions
Real time holographic interferometry has several advantages over traditional
thermoelastic methods that make use of a load cell. At long times, the electronic signal
from a load cell can drift giving deceptive measurements. Since holographic
interferometry directly measures the resonant frequencies of the membrane and hence the
true stress, no drift is possible. Unlike the apparatus used to hold the sample in traditional
techniques, the hardware used in our technique to constrain the membrane at some fixed
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extension ratio does not change with temperature, because the constraining washer is
made out of a material with a low coefficient of thermal expansion.
It is also possible to directly measure the true stress of a thin film with this
technique. More specifically this technique allows resolution of the two principal stresses
for a rubber in a state of anisotropic biaxial stress. Subtracting the two principal stresses
allows simplification of modeling from a phenomenological approach because symmetric
terms of the strain density expansion drop out. Depending on the particular expansion of
the strain density used, the remaining terms can be a direct measure of the entropic
contribution to the force. From an experimental approach, measuring the two principal
stresses is more advantageous than the uniaxial case because there is no difference
between taking measurements at constant volume versus constant pressure for the biaxial
case.
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Table 4.
1
Holographic data for a typical membrane in anisotropic biaxial
extension (X,(70=C) = 1.21. X,(7(rc) = 1.08) includes frequency calculated
from equation (4.5).
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Table 4.2 Thermoelastic data of natural rubber in uniaxial extension,
(MPa)
@ 343 K
1-180
I
0.158
1.210 0.174
1-260 0.210
1-280 0.225
1.640 0.558
1.780 0.726
2.270 I 1.350
1
.
Measurement temperature was 304 K
2. Measurement temperature was 292 K
3. Measurement temperature was 295 K
4. Measurement temperature was 284 K
(MPa)
@ 333 K
0.156
0.172
0.208
0.223
0.549
0.717
1.303
(MPa)
@ 323 K
0.156
0.169
0.206
0.219
0.539
0.703
1.298
(MPa)
@ 313 K
0.154
0.165
0.204
0.211
0.525
0.689
1.261
(MPa)
@ 303 K
0.152
0.163
0.200 '
0.207
0.512
0.673
1.235
(MPa)
@ 293 K
0.151
0.160
0.196^
0.205 ^
0.501
0.655
1.212
(MPa)
@ 283 K
0.150^
0.156
0.193^
0.201
0.490
0.647^
1.186
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Table 4.3 Thermoelastic data of natural rubber in anisotropic biaxial extension
Temperature
(K)
343
333
323
313
303
293
343
333
323
313
303
293
343
333
323
313
303
293
343
333
323
313
1.21
1.21
1.21
1.21
1.21
1.21
1.33
1.33
1.33
1.33
1.33
1.33
1.41
1.41
1.41
1.41
1.41
1.41
1.50
1.50
1.50
1.50
Wo)
08
_08
.08
08
.08
08
14_
14.
.14
.14.
11
14
10.
.10
.10
.10
.10
.10
.10.
IP.
12.
10
(MPa)
0.210
0.206
0.202
0.197
0.193
0.188
0.322
0.315
0.306
0.298
0.289
0.280
0.389
0.380
0.370
0.359
0.349
0.339
0.468
0.456
0.444
0.431
(MPa)
0.137
0.135
0.133
0.131
0.126
0.126
0.210
0.205
0.201
0.196
0.191
0.187
0.191
0.186
0.183
0.178
0.174
0.168
0.204
0.199
0.194
0.190
303 1.50 10 0.418 0.185
293 1.50
.10 0.405 0.180
343
333
323
313
303
293
1.62
1.62
1.62
1.62
1.62
1.62
.13
.13
.13
.13
.13
.13
0.576
0.561
0.543
0.528
0.511
0.495
0.242
0.235
0.231
0.224
0.218
0.212
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Table 4.4 Analysis of anisotropic biaxial data.
Sample
dAaJ(T, I )\
(JVlra/K)
C,oo(298/:,298A:)
V^iVLra)
Aa^
Aa
A.,(298A:) = 1.21
XJ29SK) = 1.08
intercept = 1.17E-3
slope=2.100E-4 0.105
0.0057
^,(298A:) = 1.33
A,i298^) = 1.14
intercept =
-0.0108
slope=3.600E-4 0.114
0.113
^298^) = 1.41
^2(298/:) = 1.10
intercept = 2.62E-3
slope=5.714E-4 0.109
0.011
X,{29SK) = 1.50
^2(298^:) = 1.10
intercept = 1.90E-5
slope=7.710E-4 0.110 0.002
X,(29SK) = 1.62
^2(298^) = 1.13
intercept =
-3.34E-3
slope=9.800-E-4 0.108
-0.013
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Figure 4.
1
Optical micrograph of reference grid, (a) Undeformed grid on natural rubber,
(b) Deformed grid on natural rubber (12.5X) where X,(25°C) = 1.62 and
^25°C)-1.12.
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HOLOGRAPHIC SETUP
• [] C Hg-NclASKR
M MS
TO SINE WAVE
GENEIKATOR
0
6
PS
M - MIRROR
L = 60x LENS
MS - MECHANICAL SHUTTER
VBS - VARIABLE BEAM SPLITTER
SH- SAMPLE HOLDER
PS = PIEZOELECTRIC SHAKER
PH" PLATE HOLDER
VC- VIDEO CAMERA
Figure 4.2 Illustration of real time holographic interferometry apparatus.
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Figure 4.3 Holographic pattern (1,1 mode) for a membrane in a state of
anisotropic biaxial extension at 367 Hz.
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Figure 4.4 Holographic pattern (2,1 mode) for a membrane in a state of
anisotropic biaxial extension at 626 Hz.
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Figure 4.5 Holographic pattern (1,2 mode) for a membrane in a state of
anisotropic biaxial extension at 548 Hz.
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jure 4.6 Holographic pattern (3,3 mode) for a membrane in a state of
anisotropic biaxial extension.
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Figure 4.7 Holographic pattern (2,3 mode) for a membrane in a state of
anisotropic biaxial extension at 91 1 Hz.
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CHAPTER 5
CHEMICAL STRESS RELAXATION
5.1 Introduction
Silicon rubbers play an important role in industrial elastomers. They have excellent
thermal stability, good physical properties over a wide range of temperatures, anti-
adhesive properties, and good electrical insulation properties. A number of reviews on the
material have been written [1-2]. The development ofmodem organosilicon chemistry is
attributed to Chipping of University College, Nottingham. Between the years of 1899 to
1944, he published over 50 papers on the subject and adopted use of the term silicones.
The first commercial manufacturer of silicon polymers was the Dow Coming
Corporation in 1943. Three years later General Electric followed along with Union
Carbide in 1956. The first silicone rubbers were polydimethylsiloxanes. These elastomers
had a low glass transition temperature of -120 °C. At -60 °C, the material is capable of
crystallization.
Synthesis of the elastomer is typically carried out by two different methods. The
first is ring opening polymerization (ROP) of low molecular weight cyclic monomers with
alkaline catalysts. The second is condensation of low molecular weight linear siloxanes
with silanol or halogen terminated ends. Siloxane elastomers are typically cured by either
activated or room-temperature cures.
The activated cures typically involve fi-ee radical initiators that proceed by
abstraction of hydrogen atoms fi-om the alkane groups. Altematively, small amounts of
vinyl groups are included in the polymer chain and crosslinking occurs there.. Another
method is to use metal catalysts to add silicon hydrides to unsaturated groups in the
elastomer chain. Finally, high energy radiation is the last type of activated cure. Room
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temperature vulcanization involves mixing silanol-terminated silicones with a
multifunctional organosilicon crosslinker and irradiating the material.
Elastomers based upon the siloxane linkage are typically used at elevated
temperatures because of the thermal stability of the silicon-oxygen bond. Yet, this linkage
has be observed to have low energies of dissociation when involved in chemical exchanges
with hydroxyl containing impurities [3]. These reactions are reversible and generally do
not involve a weight loss. At elevated temperatures above 250 T, it has been observed
that oxidative crosslinking may also result from oxidation of the methyl side group of the
main polymer chain for poly(dimethylsiloxane) [4]. When a small quantity of water was
present in the atmosphere, the chain scission rate was observed to increase [5]. The exact
nature of this cleavage depends upon the fillers in the material and upon the nature of the
crosslinking agents. Cleavage of the siloxane chain by moisture appears to be the principal
mode of degradation from 120-275 °C for peroxide-cured silicon rubber. More
specifically, it was found that the presence of residual peroxides could act as an acidic
catalyst and cause chain scission.
Silica fillers can also have an effect upon the relaxation behavior of these materials
at elevated temperatures. The filler can react with the hydroxyl terminated chain ends, but
can also cause cleavage of the siloxane linkage itself [7]. It was assumed that the acidic
SiOH on the silica surface will cause cleavage, leaving one chain segment bonded to the
silica surface and the other as a shorter SiOH terminated chain.
To monitor chain scission, a stress relaxation test is typically performed. This test
involves holding a rubber sample at constant strain and monitoring the stress decay as a
function of time. An equation of state may be written for the stress as a fiinction of the
strain using the first terms of the strain work function given for uniaxial tension as [8]
(5.1)
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where G is the shear modulus, X, is the extension ratio in the uniaxial direction. The
shear modulus can be rewritten in terms of the crosslink density
G = KRT
(5 2)
where is the number of network chains per unit volume of the undeformed sample, R
is the ideal gas constant, and T is the current temperature. Equation (5.2) assumes during
the stress relaxation experiment that the crosslink density remains constant. This is a
result of the modulus being measured at temperatures much greater than the materials
glass temperature. Thus, viscous relaxation is unimportant. However if chain scission
occurs, is no longer constant and instead becomes a function of time. Inspection of
equation (5.1) reveals the stress will also depend upon the time and may be rewritten as
oit)^K{t)R7ix,-:fj (5.3)
During a relaxation experiment, the stress decay is written as a ratio of the current
stress over the initial stress at time zero
g(0) A^(o)
^^^^
where o(o) and A'^(o) are the stress and concentration of network chains at time equal to
zero. This expression allows determination of the extent of chemical degradation, but
does not account for chain recombination when the sample is under constant strain.
Several authors have made use of equation (5.4) to look at the relaxation behavior of a
variety of systems [9-19].
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From an experimental approach, the technique is straight fonvard. The load is
measured as a function oftime for a rubber at a fixed extension ratio. The experiment is
usually carried out using a load cell. At long times this can lead to problems, because of
electronic drift. The actual extent of drift will not be discussed in this chapter, but rather
how it may be eliminated as a source of error by using real time holographic
interferometry to measure the stress.
5.2 Experimental
5.2. 1 Material
The materials used in this study were prepared from Dow Coming's base silicon
stock LCS-747 and LCS-745, and also from General Electric's base silicon stock GE
6140/6160. All stock was roll-milled with a Varox crosslinking agent. After
compounding, all samples were cured in a hot press at 177 °C for 10 minutes at a
thickness of 0.508 mm. Half of all samples was post-cured at 204 ''C for 4 hours. All
samples were prepared in house by JBM Corporation at Endicott, New York. Table 5.1
shows the cure history for all samples studied in this work.
5.2.2 Stress Relaxation Measurements
For holographic testing, thin strips were cut from the cured rubber sheets and
uniaxially stretched. The deformed samples were constrained between two washers. This
allowed the state of strain to be retained for long times and also allowed for exposure to a
variety of environments. Enough samples were prepared so that those with similar cure
histories could be stored at 150 °C under atmospheric conditions or vacuum. Stresses
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were measured at various times using real time holographic interferomet.^. Thermal
gravimetric studies were also run using a TA Instruments TGA.
5.3 Results and Discussion
was
es were
Samples were uniaxially stretched to an extension ratio of 1 .30. The stress
initially measured using holographic interferometry. Afterwards, equivalent sampl
aged at 150 °C under vacuum and under normal atmospheric conditions. Figures 5.1-5.5
demonstrate a number of things about the material.
In figure 5. 1, both samples show a sharp increase in the normalized stress at short
times. Inspection of table 5. 1 reveals that the cure history consists of a single heating at
177 °C for 10 minutes. If the crosslinking agent is still trapped in the network matrix,
subsequent heating could cause the agent to break down ftirther and leave the body of the
material. If water was present, heating at 150 °C would also cause a weight loss. Either
explanation would cause a decrease in volume with the result of an increase in stress.
TGA runs at 150 °C on sample LCS-747 (1) show a weight loss of 1% in the first eight
hours. The exact nature of the weight loss is unknown, but would explain the increase in
normalized stress. A TGA run was also conducted with a nitrogen flush for 48 hours at
room temperature. During the flush time, no weight loss was observed and subsequent
heating at 150 °C revealed a weight loss of 1%.
At longer times, the normalized stress of the sample exposed to air decreases more
rapidly than the one left in vacuum. If there were residual peroxides trapped in the matrix
acting as an acidic catalyst, the presence of water would cause chain scission and lead to a
decrease in the normalized stress. Similar observations are seen in figure 5.3 for sample
LCS-745 (1), which has the same thermal history as sample LCS-747 (1) and the only
difference is the filler.
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In figure 5 .2, there is less of an increase in the normalized stress at short times
when compared to figures 5.
1 and 5.3. Since the thermal his.oty of sample LCS-747 (2)
includes a 4 hour post cure a, 204 X, it may be assumed that there will be less of a weight
loss from the presence of impurities in the sample at elevated temperatures TGA runs at
150 «C show a weight loss of 0.3»/. during the first 20 hours of heating This observation
would seem to indicate that a long term post cure is required to ensure optimum material
performance.
In a comparison between the samples held in air and the ones held in vacuum, a
difference in the normalized stress is again seen. When compared to figure 5. 1, it is noted
that at similar times the normalized stress is lower in sample LCS-747 (2) than in LCS-747
(1). This would seem to be inconsistent with the assumption that a post cure helps to
eliminate the presence of residual peroxides and thereby decrease the amount of chain
scission. However, one of the assumptions required for comparison is that there is no
change in volume with time. If the time is set equal to zero when the normalized stress in
figure 5.1 reaches a maximum, comparable stresses in figure 5.2 show less of a decay than
in figure 5.4. These observations are also seen in figure 5 .3 but to less of an extent.
Figure 5.5 shows a difference in the normalized stress between the samples held in
air and those held in vacuum. The decay in the sample held in air is more noticeable when
compared to the Dow-Coming samples. The exact nature of this difference is unknown,
but might explained by the different chemistry involved in the preparation of the
uncrosslinked material. It is noted that little or no decay in the normalized stress is seen in
the vacuum sample out to times approaching 1600 hours. Shortly after this time, the
vacuum sample failed catastrophically.
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Table 5.1 Cure times for filled poly(siloxane) rubber samples.
Cure History
LCS-747 ( 1 ) 10 ^j^y^g ^^^^ ^
LCS-747 (2) 10 minute cure at 177°C/ 4 hour post cure at 204 °C
LCS-745 (1) 10 minute cure at 177 °C
LCS-745 (2) 10 minute cure at 177°C/ 4 hour post cure at 204 °C
GE 6140/6160(1) 10 minute cure at 177 °C
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Figure 5. 1 Normalized stress versus time for sample LCS-747 (1).
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CJIAPTER 6
CONCLUSIONS
6. 1 Conclusions
The subject of thermoetaicity is studied in this thesis and is motivated by the
desire to successiully model elastomeric materials as they undergoes a change in
temperature. The elastomer is an interesting material because it is essentially
incompressible, but has an elastic modulus that increases linearly with temperature and a
high coefficient of thermal expansion. Ifthe material is left in a stress free condition as it
undergoes a thermal change, it will expand and contract nomially. However as the mbber
is uniaxially strained beyond a certain point, it will contract upon heating yet expand in
volume. The amount of strain at which the rubber starts to contract is called the
thermoelastic inversion point.
Theoreticians initially derived models to describe the isothermal stress-strain
behavior of rubbers. This was typically done in one oftwo ways. The first was to derive
a relationship that assumed that the restoring force upon deformation comes from purely
entropic contributions with no change in internal energy. The second approach is to
derive a constitutive equation that uses material constants to relate the stress to the strain
history. The equation fi-om both approaches accounts for thermal changes by ascribing a
shear modulus that changes linearly with temperature.
To experimentally measure the thermal behavior of elastomers, researchers will
typically uniaxially constrain the sample and monitor the stress as a function of
temperature. The measurements are used to determine the change in internal energy
resulting from isothermal deformation. Ideally, experiments would be carried out at
constant volume, but because of difficulties are instead conducted at constant pressure.
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Thermodynamic corrections are used to relate the measurements taken at constant
pressure to measurements taken at constant volume. It is interesting that when these
relationships are appHed to a constitutive equation that assumes that the energetic
contribution to the force is equal to zero, a non-zero term is found for this contribution It
.s the argument of this work that this term arises from an improper temperature reference
state and that constitutive equations must account for thermal deformation.
To properly describe the thermoelastic behavior of elastomers, the deformation
process must be considered as a two step process. One part ofthe process considers
themial expansion and the other accounts for isothermal deformation. Initially, the body
can be assumed to be under stress free conditions at some reference temperature. The
next step in the thermomechanical deformation can be considered in two different ways.
The first is to assume that the body undergoes unconstrained thermal expansion as the
temperature changes. Afterwards, the body is stretched under isothermal conditions.
Using this approach, the strain history accounts for both thermal expansion and isothermal
deformation. The other approach is to first consider isothermal deformation. Afterwards,
the body will contract or expand in response to temperature changes in a manner that
depends upon the extent of deformation. Either approach is viable, but in this work the
first is used.
Because of the analysis given above, any constitutive equation used to describe the
stress in terms of the strain must account for changes in dimension resulting from thermal
changes. The strain deformation is related to the stress by use of material constants.
Since the stress and the strain measures have difference dependencies upon the
temperature, the material constants are influenced by the temperature and must also be
referenced to a particular temperature. When purely entropic models are analyzed by this
approach, no internal energy contribution is found.
We presented a constitutive equation derived from a strain energy function. This
relationship property references both the material constants and measurements that have a
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for sman temperature changes and s..I defonnaUons. By using these corrections the
relationship predicts a them,oe,astic inversion point and can he used to success^,,,;
.ode,
ex,st.ng the^oelastic data. The model does an excellent job predicting the stress for
sn^all strain, but starts to break down at larger strains at the same point the isothen^al
model start to fail.
Thermoelastic measurements are conducted upon pale crepe natural rubber
Because several basic physical phenomena can compUcate these measurement, a batte^
of tests was conducted to understand the behavior ofthe material. To ensure that an
optimum curing cycle was adopted, the modulu, which has a dependence upon the
crosslink density, was observed as a function of curing time. A procedure of curing the
sample at 140 for 40 minutes was adopted because ofthese result.
The density ofthe rubber as a function of temperature was established by an
application ofArchimedes principle. The density at 24 »C was 0.918 g/cm' and the
volumetric coefBciem of stress free thermal expansion was 661 ppm/T. This value was
confirmed by the use ofthermal mechanical analysis (TMA) that found a linear coefficient
of thermal expansion of219 ppm/°C, which was essentially one third ofthe volumetric
coefficient.
The bulk modulus was found by use of a PVT diagram. This instrument monitors
the change in volume of a sample as a function of temperature and hydrostatic pressure.
A bulk modulus of2440 MPa was measured at 30 °C and a volumetric coefficient of
thermal expansion was found as a function ofimposed hydrostatic pressure.
Volume changes that take place during the extent of the thermoelastic experiment
were of concern because volumetric changes can lead to unexpected changes in the stress.
One possible cause ofthese changes can be stress induced crystallization. This
phenomenon was discounted by the use of differential scanning calorimetry (DSC) and
wide angle x-ray scattering (WAX). DSC traces revealed no crystalline melting portions
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for the stress free rubber WAY mH.Vo* aX md,cated no crystalUnity for extension ratios up to 1 9
Another possible source of volumetric change can result If.V- Mi ifsome substance leaves the
rubber matrix. Thermal gravimetric analvdc rrr- a ^ j- .« n lysis (TGA) indicated a weight loss in the sample
at elevated temperatures. Because of this, a post cure was adopted.
Another possible source of eiror that can complicated the thennoelastic
measurements is the presence of time dependent relaxation. Stress relaxation
measurements were used to examine this. Results indicated that measurements need to be
restncted to short times in order to limit the effects of relaxation and that after initial
heating, viscous relaxation is unimportant.
Thermoelastic measurements are often conducted by uniaxially constraining the
elastomer and monitoring the change in stress as a ft^nction of temperature. Problems
with this technique include thermal expansion of the constraining hardware and drift in the
load cells during the long times required to reach thennal equilibrium. Vibrational
holographic interferometry was used to correct these problems. This technique employs
no load cells and makes use a constraining hardware frame that is built from a metal with a
low coefficient of thermal expansion. Because the rubber sample is constrained in two
different directions, the thermodynamic corrections arising from taking measurements at a
constant pressure, instead of constant volume, can be neglected for the consitutive models
used in the thesis. The results from these thermoelastic measurements were successfiilly
modeled by the constitutive equation presented earlier. The biaxial results indicated the
distortional stress-temperature behavior is essentially purely entropic. Unlike the uniaxial
data, the biaxial data require no corrections
Chemical stress relaxation of polysiloxane rubber was also examined. This was
done by holding the sample at a fixed extension ratio and monitoring the stress as a
fiinction of time, using vibrational holographic interferometry. This approach eliminated
the electronic drift that can arise from monitoring the stress using a load cell.
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C. The samples held under vacuum were observed to undergo a,esser stress
relaxation when compared to the samples exposed to air. This observation is consistent
relaxation process. An increase in stress a, short times was also observed for both types
ofsamples. TGA experiments indicated weight loss when the material was initially
exposed to the elevated temperatures. This would result in a volumetric change can be
assumed to cause the initial increase in stress observed at short times.
6.2 Proposed Future Work
There are a number of areas worth investigating regarding the subject of
thennoelasticity and chemical stress relaxation that weren't specifically covered in this
work:
1
.
Referencing the strain measure and material constants to a particular temperature
allows for successful modeling of existing thermoelastic data. The accuracy of using
this approach is going to be limited by the ability of the model to predict the isothermal
deformation of the rubber. It would be worth considering a different work function,
resulting in a new constitutive equation.
2. In Chapter two, the deformation resulting from thermal changes was described as an
exponential function. Another relationship could be assigned to this deformation for
either theoretical or empirical considerations.
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3. In chapter six. che^C stress relaxation results were ^ven for polysiloxane rubber
that was crosslinked with peroxide. If this orosslinicing agent is to be retained an
opttmum curing cycle could be adopted. Alternatively, different crosslinking methods
nugh. be used that did not involved peroxides, (e.g.. radiation crosslinking)
,t ™ght
also be advisable to deten^ne the exact nature of the material coming off the rubber
during heating. During storage, it might be desirable to store the uncrosslinked gum
material in a dry environment.
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